Constraining the rates and timescales of garnet growth and associated dehydration during metamorphism by Dragovic, Besim
Boston University
OpenBU http://open.bu.edu
Theses & Dissertations Boston University Theses & Dissertations
2013
Constraining the rates and
timescales of garnet growth and
associated dehydration during
metamorphism
https://hdl.handle.net/2144/15058
Boston University
  
BOSTON UNIVERSITY 
GRADUATE SCHOOL OF ARTS AND SCIENCES 
 
 
Dissertation 
 
 
CONSTRAINING THE RATES AND TIMESCALES OF GARNET GROWTH AND 
ASSOCIATED DEHYDRATION DURING METAMORPHISM 
 
by 
 
BESIM DRAGOVIC 
B.A., Boston University, 1999 
M.S., University of Connecticut, 2003 
 
 
 
Submitted in partial fulfillment of the 
requirements for the degree of 
Doctor of Philosophy 
2013 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
©   Copyright by 
      BESIM DRAGOVIC 
      2013  
  
 
Approved by 
 
 
First Reader       ___________________________________________________ 
        Ethan F. Baxter, Ph.D. 
        Associate Professor of Earth and Environment 
 
 
Second Reader        ___________________________________________________ 
        Ulrich Faul, Ph.D. 
        Associate Professor of Earth and Environment 
 
 
Third Reader           ___________________________________________________ 
        Guido Salvucci, Ph.D. 
        Professor of Earth and Environment 
 
 iv 
ACKNOWLEDGEMENTS 
 
 The research presented here in this dissertation and conducted over the last five years was 
made possible through the support and aid of many individuals. First and foremost, I would like 
to thank my advisor, Ethan F. Baxter, who has devoted countless hours to his students, in an 
effort to strengthen our foundation for future success. He has taught to ask the right questions, 
always remembering the task at hand. He has also become a good friend during my time at 
Boston University. I would also like to thank the members of my committee, Paul Hall, Uli Faul, 
Guido Salvucci, and Harold Stowell for their support, as well as for their help with this 
dissertation and future manuscripts that result from this work. I would like to thank my labmates 
and lab managers for their tireless assistance in the clean lab and TIMS lab. These include 
Anthony Pollington, Katie Eccles, Denise Honn, and Jeremy Inglis. Collaborators from outside 
Boston University include Matthew Gatewood, David Hirsch, and Rose Bloom. Working with 
them has been an absolute pleasure. I would especially like to thank Mark Caddick for continuing 
to teach me about thermodynamic analysis and phase equilibria modeling. Thanks to him and 
Alan Thompson for hosting me in Zurich for six weeks. I look forward to working with Mark as a 
post-doc in Virginia Tech. I would also like to thanks the TIMS for not acting selfish and 
crashing on all of us throughout my tenure. I hope you treat future students as well as you have 
treated me, by churning out quality isotopic analyses.  
 Thank you to Joel Sparks and Thomas Ireland for help in various aspects of work 
throughout the Boston University laboratory facilities. Thanks to Clarie McKinley for last minute 
ICP-ES work in my final summer before starting to write this dissertation. Neel Chatterjee, from 
MIT, was very helpful with the use of their electron microprobe, which was an important source 
 v 
of data. Thanks to Richard Ketcham for the CT-Scan data and to Eric Reusser for additional 
microprobe analyses performed during my six weeks in Zurich.  
 I would like to also thank my fellow graduate students and other colleagues at Boston 
University who provided continuous support and a nice break from the work. These include: 
Chris Hein, Rachel Scudder, Gordana Garapic, Carol Wilson, Jen Lamp, Rohan Kundargi, Ken 
Takagi, Sam Tuttle, Eugene Manley, Kate Swanger, Ellen Syracuse, Zoe Hughes, Nick Howes, 
Eric Moore, Doug Kowalewski, Nicole Magni, and Eric Jones.  
 I have lived in Boston for 14 of the last 17 years and have made some very good friends 
along the way. This starts with David Zalanowski, who started as my freshman-year college 
roommate, and has become one of my best friends. He has been a source of continued strength in 
my life and I am forever grateful to him and his family. This group also includes Eric Schoenberg 
and Bob McDonnell, great friends from college, as well. While passing the time doing work for 
this dissertation, we were all assembling a championship softball team, and for that I would thank 
other friends, including Stacy Zalanowski, Matt Kuklentz, and Erin Riley.  
 My friends from Connecticut have been there for me since as early as age six. I have 
grown more and more aware of how rare it is to maintain these relationships for as long as we 
have. This is a testament to the strength of our friendship. Thank you Urban Mulvehill, Steve 
Christoforidis, Rit Lacomis, Paul Stewart, and Jeff Putvinski.  
 I need to thank my family, who were completely supportive of this career change, going 
back to school at the age of thirty. They have always supported my decisions and continue to be a 
moral compass. All families involve hard work, but we continue to remain strong, and I am ever 
grateful for that. This includes my father and mother, Hajrudin and Hava Dragovic. They 
immigrated to this country forty years ago, and have taught me the value of a strong work ethic, 
and to be responsible, not just for yourself, but for others around you. Thank you also to my sister 
 vi 
and brother-in-law, Jemile and Andrew Shinn, and to my brother and sister-in-law, Efrim and 
Kim Dragovic. Go Mets!  
 Finally, I am most deeply indebited to Nora Sullivan, for her perserverance, both in the 
lab and at home. She has motivated me through these tough times at the end. Mainly though, she 
is the love of my life.  
  
 vii 
CONSTRAINING THE RATES AND TIMESCALES OF GARNET GROWTH AND 
ASSOCIATED DEHYDRATION DURING METAMORPHISM 
(Order No.                 ) 
BESIM DRAGOVIC 
Boston University Graduate School of Arts and Sciences, 2013 
Major Professor: Ethan F. Baxter, Associate Professor of Earth and Environment 
 
ABSTRACT 
 This study incorporates high precision zoned garnet samarium-neodymium 
geochronology and thermodynamic analysis of garnet forming dehydration reactions to determine 
the amount of water release during both subduction and mountain building. Garnet grows during 
rock dehydration, providing both a temporal and geodynamic record of not only its growth, but of 
associated dehydration. Laboratory experiments and geodynamic models have been used to 
predict amounts of dehydration during metamorphism based on equilibrium assumptions. If 
equilibrium is not maintained, or if aspects of the geodynamic modeling are incorrect, these 
model-based predictions will prove inaccurate.  Field-based evidence is necessary to test such 
model predictions and to elucidate both the timing and duration of dehydration and the role of 
kinetics during metamorphism. Localities that have undergone dehydration and associated fluid 
flow provide natural laboratories in which to study these geologic processes. This study focuses 
on two geologic settings: regional orogenesis (Townshend Dam, Vermont) and subduction zone 
metamorphism (Sifnos, Greece).  
 Regional metamorphism of the pelitic schists of Townshend Dam occurred during the 
Acadian orogeny peaking at ~381 Ma. Garnet growth lasted for 4.2 ± 2.4 million years. 
Thermodynamic forward modeling from this study has shown that an early stage of burial of the 
 viii 
rocks without significant heating first occurred, followed then by a period of intense heating at 
depth, during which, roughly 2 vol.% water was lost from the rock.  
 In contrast, metamorphism, and thus dehydration, during subduction of a continental 
margin in Sifnos, Greece was found to have occurred in as brief a timespan as tens to hundreds of 
thousands of years, releasing 2-3 vol.% water during a period of intense heating at ~75 km depth 
between ~47-44 million years ago. This short time interval represents a discrete pulse of 
dehydration and heating within the context of the process of subduction, which probably occurred 
over timescales of 10 to 20 million years in this location. This is the first study to provide a field-
based constraint on the magnitude, timing, and rate of dehydration during subduction, a process 
that causes intermediate-depth earthquakes, mantle melting and volcanism, and large scale 
changes to the global water cycle. 
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CHAPTER 1 
INTRODUCTION AND OVERALL STRUCTURE OF THE THESIS 
 
Subduction zones represent a dominant physical and chemical system of the Earth and its 
interior. This system is responsible for driving mantle convection and recycling fluids and much 
of the Earth’s material between the ocean and the deeper Earth. Some seawater is subducted with 
the oceanic lithosphere, though most of the water carried to depths in the subduction zone is in 
the form of hydrous minerals in sediments, altered and metamorphosed crust, and the 
serpentinized mantle. As the lithosphere sinks into the mantle, temperature and pressure 
conditions change, with an increase in both, resulting in the prograde metamorphism of the 
basaltic crust and the overlying sediment load. Consequently, the dehydration and hydration of 
the crust and the overlying mantle, respectively, occurs. Both these occurrences are a result of a 
series of metamorphic reactions that follow the downward motion of the subducting slab. These 
dehydration reactions are thermally dependant (Schmidt & Poli, 1998), any water release requires 
a rise of temperature in the downgoing slab which in turn is controlled by thermal regime of the 
subduction zone. These metamorphic reactions play a role in affecting other processes that occur 
at depth in subduction zone settings. This includes inducing seismicity at intermediate depths 
(Kerrick & Connolly, 2001; Hacker et al., 2003) and partial melting of the mantle wedge, 
eventually leading to the creation of continental crust and arc volcanism. Indeed, even the 
smallest amounts of dehydration of the underlying basaltic crust and resultant water release can 
decrease the melting temperature of the overlying mantle by 100-150°C, causing roughly 5-20% 
partial melting of the mantle wedge (Bebout, 1991; Gaetani & Grove, 1998; Ulmer, 2001).   
In addition to affecting the thermal properties of the overlying mantle regime and 
intermediate-depth seismic activity, the release of water during progressive dehydration drives 
further metamorphism of the basaltic slab, in particular, the transition from the blueschist facies 
2 
 
to eclogite facies in metabasalts (Bebout & Nakamura, 1993). This facies change in the slab 
results in a change in its physical properties, specifically the densification of the crust, driving the 
action of slab-pull (the main driving force for modern-day plate motion), and thus, mantle 
convection. 
 To better understand the geologic process of subduction, a deeper look, not only into the 
timing of these metamorphic (dehydration) reactions, but their rates and durations, is necessary. 
Many have attempted to model the changes in petrology of subduction zones with equilibrium-
based models (Poli & Schmidt, 2002), however these models assume equilibrium and thus 
assume that the reaction kinetics are fast enough so that equilibrium can be closely followed. 
Rates at which these metamorphic reactions proceed have been studied using laboratory-based 
experiments; however these studies tend to overestimate reaction rates and timescales (Baxter & 
DePaolo, 2000, 2002a, 2002b). If these metamorphic reaction rates are truly slower than 
previously hypothesized, then the mineral reactions will occur at greater depths than under 
equilibrium conditions. This study provides a field-based approach in a subduction zone setting to 
provide natural constraints on the timing, rates, and periodicity of water-releasing reactions, in the 
subducting lithologies as well as amounts of water release during subduction zone 
metamorphism.  
 Regional metamorphism results in fluid release as well. Progressive dehydration during 
regional metamorphism can result in pervasive or channelized fluid flow. Given sufficient fluxes, 
fluid flow may have profound effects on rheological properties of the rock, bulk rock 
composition, stable and radiogenic isotope compositions, mineralogy, and the kinetics of mineral 
reactions. An integrated geochronologic and thermodynamic anaylsis is used to estimate the 
dehydration rate and flux during metamorphism of a pelitic schist from Townshend Dam, 
Vermont. Many published studies have used petrologic and stable isotopic data to constrain time-
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integrated syn-metamorphic fluid fluxes. Kohn and Valley (1994), using stable oxygen isotopic 
zoning in garnet from Townshend Dam, Vermont, determined that up to one wt% water was 
released during garnet growth. They also showed that fluid transport during garnet growth was 
restricted to layer-parallel flow.  
 This dissertation attempts show that a direct link exists between the growth of garnet 
during metamorphism and the coincident dehydration, in both a subduction zone and regional 
metamorphic setting. A combined geochronlogic and thermodynamic approach is taken. This 
dissertation shows that while geologic processes, like subduction, can occur over long timescales, 
garnet growth and water release can occur in much shorter timescales. This phenomenon is 
observed over a variety of lithologies. This has implications for both laboratory and theoretical 
models predicting the flux and flow of water during from subducted crust to the mantle wedge, 
and perhaps to the deep mantle. Thermodynamic analysis is used to determine the scale of 
dehydration during particular stages of metamorphism, and in particular lithologies. Comparing 
the scale of dehydration in different lithologies can help validate, or calibrate, these models to 
better understand the fate of water during subduction, impacting estimations on the global water 
budget.  
 Some of the broader questions this study attempted to answer are: 
• What is the timing and periodicity of the prograde garnet growth during subduction? Are 
the garnet-forming, and hence, water-releasing reactions occurring continuously or is 
pulsed water release occurring? Geodynamically, how is this explained? 
• Can the rate of garnet growth be used to determine the rate at which dehydration is 
occurring during subduction? How much water is being released during these 
metamorphic reactions? 
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• At what pressures and temperatures do the garnet-forming reactions occur, specifically, 
does the bulk of garnet formation occur during burial, relatively isobaric heating, or 
decompression? Where does the bulk of dehydration of the slab occur? 
• What are the rates and timescales of dehydration during regional metamorphism in 
Townshend Dam, Vermont? 
• What is the flux of water released during regional metamorphism?  
• At what pressures and temperatures does garnet growth metamorphism (and dehydration) 
occur? What does the combined geochronologic and thermodynamic analysis tell us 
about heating and burial rates during regional metamorphism? 
 Chapter 2 presents the argument that garnet growth can be directly linked to dehydration, 
by presenting the geochronologic and thermodynamic methodologies. High precision 
geochronology combined with P-T estimates show that brief pulses of garnet growth (and thus 
dehydration) can occur during subduction. An example of a mafic blueschist from Sifnos, Greece 
is used to test this hypothesis. The work in this chapter is published as Dragovic et al. (2012). 
This chapter stemmed originally from the work of Mehl (2007), who is a co-author in Dragovic et 
al. (2012). The sample used in this study was collected by L.M. and E.F.B. in the summer of 
2006. Early development of geochronologic methods and bulk rock geochemical work on this 
sample from Mehl (2007) was used in Chapter 2. The geochronology presented in Chapter 2 was 
performed by the author. All thermodynamic analysis was performed by the author.  
 Chapter 3 expands on the method for determining the P-T-H2O history of a subducting 
lithology by using high spatial precision microsampling and geochronology, combined with 
thermodynamic forward modeling to determine that garnet growth in one sample during 
subduction occurred in three distinct pulses on Sifnos, Greece. This thermodynamic forward 
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modeling approach, accounts not just for the fractional crystallization of garnet during 
metamorphic evolution, but fluid fractionation and path dependencies as well.  
 Chapter 4 uses these same methods from chapters 2 and 3, but in a regional metamorphic 
setting, to determine the flux of water during orogenesis at Townshend Dam, VT. The forward 
modeling approach helps elucidate the nature of P-T evolution and the scale of water release 
during this process. 
 Chapter 5 includes the results from chapters 2 and 3, and combines them with zoned 
geochronology from an additional sample, bulk garnet geochronology from eight other 
lithologies, and thermodynamic analysis from two of those lithologies, to summarize the 
dehydration history during subduction, in Sifnos, Greece. Determining the P-T-t-H2O history 
illuminates the amount of water released during subduction and exhumation, the mineral reactants 
involved, and the timescales at which this dehydration happens.  
 Appendix A discusses the scope and methodology for a separate study on the scale of 
chemical equilibrium in metamorphic rocks being conducted on collaboration with two other 
universities. The methods used at Boston University for age determination, all isotopic data from 
the study, and associated garnet growth ages are tabulated. The author’s contributions are entirely 
the geochronologic work; however, MPG (from University of Alabama) provided a great deal of 
help in the geochronologic work. Roughly 50% of the initial sample preparation was performed 
by the author. Roughly 75% of the chemical separation work was performed by the author, with 
25% performed by MPG. Nearly all of the column chromatography was performed by the author. 
All of the bulk rock geochemical work and microprobe analyses in preparation for the garnet 
geochronology were performed by MPG, and will be presented in the dissertation by Gatewood 
(in prep). 
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 Appendix B is a tutorial on the procedure of microdrilling garnet for zoned 
geochronology. This section evolves from an older instruction guide, found in Appendix B of 
Pollington (2008), and is titled “Sample prep from hand sample to pure garnet.” Recent advances 
in the techniques of microsampling as well as troubleshooting tips are included in this text, as 
well. 
 Appendices C and D include electron microprobe data and sample preparation data for all 
studies, respectively. 
 Appendix E includes the sample log, detailing a description of each of the samples 
collected during the field season of 2009, as well as the latitude and longitude of each sample 
outcrop as determined by GPS. 
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CHAPTER 2 
USING GARNET TO CONSTRAIN THE DURATION AND RATE OF WATER-
RELEASING METAMORPHIC REACTIONS DURING SUBDUCTION: AN EXAMPLE 
FROM SIFNOS, GREECE 
 
2.1 Abstract 
 We present a method to reconstruct the dehydration flux associated with garnet-forming 
reactions during subduction.  Garnet-bearing blueschists from the island of Sifnos, Greece, in the 
Attic-Cycladic Blueschist Belt are used as a test case to extract information on the timescales of 
dehydration during subduction. We use garnet growth as a proxy for the net dehydration reaction. 
Thermodynamic (pseudosection) analysis of a mafic blueschist in this unit (representative of an 
altered basalt protolith) indicates that garnet grew via net reaction(s) of the form chorite + 
chloritoid + glaucophane + phengite = garnet + pyroxene + lawsonite + paragonite + quartz + 
H2O. Garnet core and rim chemistry indicates growth began at 2.0 GPa and 460°C and ended at 
2.2 GPa and 560°C.  The stabilization of matrix lawsonite (promoted by the bulk chemical shift 
of the matrix due to fractionation of the garnet and its inclusions from the system) throughout 
garnet growth limits the amount of water liberated from the rock over this P-T span.  The average 
stoichiometry of the garnet-forming reaction(s) indicates an average molar production ratio of 
garnet to water of ~1.0:0.7.  Given the 11 vol% garnet observed in the rock, this analysis 
indicates a loss of 0.3 to 0.4 wt% H2O from the bulk rock during garnet growth. Zoned garnet 
geochronology from these rocks provides a constraint on the dehydration rate from this lithology 
during the time span of garnet growth. Two garnet grains, roughly 1.5 cm each in diameter, were 
microdrilled based on major element zoning contours. Three concentric growth zones were 
extracted from each garnet for Sm-Nd geochronology. Very low Nd concentrations in acid-
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cleansed garnet (0.03 to 0.09 ppm) yielded very small samples (~1 ng Nd) that were analyzed 
with TIMS using a NdO+ with Ta2O5 activator method. Untreated “garnet” powders rich in 
mineral inclusions from each garnet zone were also analyzed. The powders fall off of the garnet-
matrix isochron, likely indicating age inheritance in the inclusions. Combining acid-cleansed 
garnet data from each garnet, multi-point garnet-matrix isochron ages of 46.50 ± 0.80 Ma for the 
core, 46.49 ± 0.53 Ma for the intermediate zone, and 46.46 ± 0.59 Ma for the rim were 
determined, indicating a brief growth duration of 0.04 Ma with an upper bound (2 SD) on growth 
duration of 1.0 Myr. This equates to a release of 0.3-0.4 wt% of water due to this reaction in this 
lithology, and heating of 100°C,  in less than 1.0 Ma. The short time interval represents a focused, 
rapid pulse of dehydration and heating within the context of the overall subduction descent 
timescale of ~10-20 Ma. 
 
2.2 Introduction and Background 
 This study presents a new method to reconstruct both the duration and rate of particular 
dehydration reactions within subduction zones. Water bound structurally within subducted rocks, 
or contained within pore spaces of the overlying sediments, is cycled through subduction zones. 
Global estimates indicate up to 7 wt% structurally bound water in sediments (Plank and 
Langmuir, 1998). Estimates of the amount of water entrained in the altered oceanic crust average 
around 1-2 wt% but may be as high as 6 wt% (Peacock, 1993).  Staudigel et al. (1989) report 2.68 
wt% structurally bound water in Cretaceous age oceanic crust (their “super composite” 
metabasalt).  The fate of this subducted water is of paramount importance to intermediate depth 
earthquake nucleation (Kerrick and Connolly, 2001; Hacker et al., 2003; Husen et al., 2003), arc 
magmatism (Bebout, 1991; Peacock, 1990; Schmidt and Poli, 1998; Straub and Layne, 2003; 
Wallace, 2005), mantle rheology (Ulmer and Trommsdorff, 1995; Mibe et al., 1999; van Keken et 
al., 2002), and the global water cycle (Rüpke et al., 2004, Wallmann, 2001). 
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 During subduction, the slab is subjected to changing P and T conditions which drive 
chemical reactions and change the physical properties of the slab. Metamorphic reactions release 
water that may either be taken up again in the structure of new minerals, or may be expelled as a 
free fluid into adjacent parts of the slab and/or the overlying mantle wedge. Even small amounts 
of slab dehydration and resultant water release can decrease the melting temperature of the 
overlying mantle by 100-150°C, causing roughly 5-20% partial melting of the mantle wedge 
(Bebout, 1991; Gaetani and Grove, 1998; Ulmer, 2001).  Equilibrium thermodynamic-
geodynamic models make predictions of the amount of dehydration in subduction zones 
(Peacock, 1990; Kerrick and Connolly, 2001; Hacker et al., 2003; Hacker, 2008; van Keken et al., 
2011).  The predictions of these models include two key assumptions: 1) that natural rocks 
closely follow the modeled P-T-t paths, and 2) that the reaction kinetics are fast enough that 
equilibrium-based predictions prevail.  If either of these assumptions is invalid, then the amount, 
rate, and location of water released could differ significantly from the predictions.  In this study, 
we present a method to constrain the amount and rate of water released during subduction of a 
natural blueschist, and compare our results to model predictions. 
 
2.3 Deriving a dehydration rate from natural samples 
 In order to place constraints on natural rates and timescales of dehydration reactions in 
subduction zones, we need rocks in which such reactions have occurred. The predicted 
dehydration histories of blueschists and eclogites have been well documented (Schmidt and Poli, 
1998; Kerrick and Connolly, 2001; Hacker et al., 2003; Rüpke et al., 2004), with up to 6 wt % 
water originally held by mafic protoliths released within the sub-arc setting.  In natural samples, 
the challenge of accessing the temporal record of this progressive dehydration is overcome by 
linking the release of water (which has left the rock system by the time we sample it) to the 
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production of garnet (which is well preserved in many blueschists and eclogites).  Most garnet-
forming reactions in blueschist/eclogite facies conditions involve dehydration of micas, 
chloritoid, epidote-group minerals, and amphiboles (e.g. El-Shazly and Liou, 1991; Spear, 1993; 
Okay, 2002; Hacker et al., 2003).  Several studies have shown that cores and rims of large garnet 
porphyroblasts that preserve prograde chemical zoning can be dated, constraining the duration 
(and hence rate) of garnet growth (e.g., Christensen et al. 1989; Vance and O’Nions, 1990; Ducea 
et al., 2003; Pollington and Baxter, 2010).  Thus, if garnet growth can be linked to a particular 
garnet-forming reaction (or set of reactions), a dehydration flux over that P-T-t interval can be 
extracted. 
 
2.4 Garnet geochronology 
 We use the Sm/Nd method to date cores and rims of garnet porphyroblasts.  Isochrons 
between each garnet zone and the surrounding matrix provide primary growth ages.  Sm/Nd has 
been used successfully to date garnet by many workers with significant improvements in recent 
years.  REE-rich inclusions within garnet still pose an important challenge, but this has been dealt 
with by means of partial dissolution cleansing procedures (e.g., Amato et al., 1999; Scherer et al., 
2000; Baxter et al., 2002; Thöni, 2002; Anczkiewicz and Thirwall, 2003; Pollington and Baxter, 
2011).  Relatively uniform distribution of Sm and Nd throughout garnet in most cases (e.g., 
Lapen et al., 2003; Skora et al., 2006; Pollington and Baxter, 2010; Kohn, 2009) makes Sm/Nd a 
good choice for dating both the garnet core and rim.  In some cases, Sm/Nd zonation in garnets 
does exist (e.g., Skora et al. 2009) so this should still be evaluated on a case by case basis.  In the 
Lu/Hf system, in contrast, the parent Lu is strongly fractionated into the core (e.g., Lapen et al., 
2003; Kohn, 2009); as a result, the Lu/Hf system is very sensitive to the early stages of garnet 
growth, but less useful for dating later stages of garnet growth. 
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 It is crucial to our study that the dated garnet retains its prograde age zonation.  This may 
be evaluated by considering the diffusion lengthscale for Nd within garnet.  If the lengthscale for 
diffusion exceeds the domain size we wish to sample (i.e. the radial dimension of the core or rim 
microsample) then there is a chance that prograde garnet growth age information will be partially 
re-equilibrated and compromised (e.g., Ganguly and Tirone, 1998). This is broadly analogous to 
the “closure temperature” concept in that higher temperatures (or small domain sizes) will lead to 
loss of age information.  Several studies have shown that garnet with >1mm domain size will 
experience negligible Nd diffusive exchange as long as the garnet is not heated above ~700°C for 
a significant period of time (i.e. millions of years) (Ganguly and Tirone, 1998, Baxter et al., 2002, 
Tirone et al., 2005; Pollington and Baxter 2011).  Here, we have limited our sampling to rocks 
that never experienced temperatures exceeding 600°C.   
 
2.5 Geologic Setting 
 The island of Sifnos is part of the Cycladic Islands in the Aegean Sea off the southeast 
coast of mainland Greece. The Cyclades are part of the Attic-Cycladic crystalline complex, or 
ACCC, and they represent part of a subduction-related accretionary complex (Avigad, 1993; 
Okrusch et al., 1978). The ACCC consists of two major units, separated by low angle faults (Durr 
et al., 1978; Matthews and Schliestedt, 1984; Okrusch and Bröcker, 1990; Schliestedt and 
Okrusch, 1988). The upper unit comprises a sequence of unmetamorphosed sediments of Permian 
to Mesozoic age, ophiolites, Cretaceous to Tertiary greenschist rocks, and granitoids (Bröcker 
and Franz, 2006). The lower unit, termed the Cycladic Blueschist Unit (CBU), consists of a 
crystalline basement overlain by thrust sheets of a metamorphosed continental margin sequence.  
 On the island of Sifnos, four distinct lithologic units have been characterized (Figure 2.1 
and, Avigad 1993; Bröcker and Pidgeon, 2007; Okrusch et al., 1978; Ring and Layer, 2003; 
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Trotet et al., 2001b).  From top to bottom, exposed in the northwestern part of the island are an 
upper marble complex and a well-preserved eclogite-blueschist unit (EBU). The EBU contains 
significant lithologic heterogeneity, but it is not a mélange.  Rather it appears to be a structurally 
coherent continental margin sequence of rock including interbedded quartzites, acidic gneiss, 
metabasites, and metasediments that all experienced essentially the same metamorphic history.  
Stratigraphically lower, in the central and southeastern parts of the island are the main marble 
complex and a greenschist unit, interposed with both marbles and blueschists.  The top three units 
(upper marble, eclogite-blueschist unit, main marble) are part of a tectonically coherent unit 
called the Cherronissos Unit, whereas the greenschist unit (part of different tectonic unit called 
the Faros Unit) is separated from the Cherronissos Unit by a low angle fault (e.g. Trotet et al., 
2001b).   
 Many studies have discussed the metamorphic evolution of Sifnos, each involving 
different approaches, including structural (e.g. Avigad 1993; Lister and Raouzaios, 1996; 
Rosenbaum et al., 2002; Trotet et al., 2001b; Ring and Layer, 2003), petrologic (e.g. Matthews 
and Schliestedt, 1984; Schliestedt, 1986; Schliestedt and Matthews, 1987; Trotet et al., 2001a; 
Groppo et al., 2009), and geochronologic (e.g. Altherr et al., 1979; Wijbrans et al., 1990; Bröcker 
and Pidgeon, 2007).  
 Earlier work delineated two stages of metamorphism on Sifnos. The first stage involved 
Eocene HP metamorphism under blueschist to eclogite facies conditions, dated at 48-41 Ma using 
K-Ar and Rb-Sr in white micas (Altherr et al., 1979; Wijbrans et al., 1990). In addition, Forster 
and Lister (2005) reanalyzed 40Ar/39Ar apparent age spectra work, determining a blueschist facies 
metamorphic age of ~41 Ma for white micas on Sifnos. Garnets from Sifnos have not been dated 
before; although garnet Lu/Hf ages of 50-52 Ma from nearby Syros eclogites (Lagos et al., 2007) 
presumably record a similar Eocene HP metamorphic event. This Eocene HP metamorphic 
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history occurred during the collision of the Apulian microplate and the Eurasian continent 
(Avigad, 1993).  Ring and Layer (2003) suggest that the entire Cycladic Blueschist Unit was 
formed as one of a series of successive underplatings, this one initiated at 60-55 Ma, resulting in 
Eocene HP metamorphism. Based on modern subduction rates and microplate reconstructions, 
Ring and Layer (2003) estimate the paleo-subduction convergence rate at ~2-3 cm/yr with a dip 
angle of ~10-15°.  This indicates a fairly slow prolonged descent of subducted lithologies to 
~70km maximum depths lasting ~10-20 Ma. Other work in the Cycladic Blueschist Unit suggests 
subduction could have occurred as early as 80 Ma (see Bröcker and Keasling 2006 for a review).  
These well-preserved Eocene age HP rocks comprise the eclogite-blueschist unit in the northern 
part of Sifnos, and include blueschist and eclogites from mafic compositions, jadeite-gneisses 
from felsic compositions, and glaucophane-bearing schists and marbles from the sedimentary 
layers (Mocek, 2001; Schliestedt and Okrusch, 1988).     
 The second stage of metamorphism involved Miocene greenschist to amphibolite facies 
overprinting of the precursor blueschist to eclogite facies metamorphism. This metamorphism 
ranges in age from 24-18 Ma using K-Ar, Rb-Sr (Altherr et al., 1979) and 40Ar/39Ar (Forster and 
Lister, 2005; Wijbrans et al., 1990) in white micas from the greenschists in the southern part of 
the island. This is related to exhumation caused either by retreat of the Hellenic subduction zone 
(Avigad, 1993), or by extrusion of the Anatolian microplate caused by the collision of the 
Arabian plate with Eurasia (Gautier and Brun, 1994; Ring and Layer, 2003). Overprinting of the 
southern part of the island was determined to be enhanced by infiltration of an ascending fluid 
phase (Breeding et al., 2003; Bröcker, 1990). Due to the fact that the northern part of the island is 
sandwiched between relatively impermeable main and upper marble complexes, the eclogite-
blueschist unit remained protected from fluids and thus escaped retrogressive metamorphism 
during exhumation (Matthews and Schliestedt, 1984; Schliestedt and Matthews, 1987). 
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Alternately, Avigad (1993) proposed that the higher degree of greenschist overprinting in the rest 
of the island just implies a different cooling history of the northern blueschist belt.  
 Pressure-temperature paths and conditions for peak metamorphism of the eclogite-
blueschist unit have been estimated using a variety of techniques, including conventional 
thermobarometry and multi-phase equilibria (Matthews and Schliestedt, 1984; Schliestedt, 1986; 
Schliestedt and Matthews, 1987; Schliestedt and Okrusch, 1988; Avigad, 1993; Trotet et al., 
2001a; Schmädicke and Will, 2003; Groppo et al., 2009), oxygen isotope thermometry (Matthews 
and Schliestedt, 1984), and Zr-in-rutile thermometry (Spear et al., 2006). These previous 
estimates for the pressure-temperature conditions of Eocene HP metamorphism range widely 
from 440-600°C at 1.2-2.1 GPa, but with the more recent thermodynamic calculations setting the 
higher P-T, upper bounds, of 550-600°C at 2.0 GPa (Schmädicke and Will, 2003, Trotet et al., 
2001a) and 525-565°C at >2.1 GPa (Groppo et al., 2009).  Groppo et al., (2009), whose analysis 
suggests the highest pressures, were the first to fully incorporate ferric iron in their 
geothermobarometric analysis of these often highly oxidized rocks.   
 A decompression path from 480-520°C at 1.2-1.5 GPa to 450°C at 0.8-1.0 GPa, followed 
by cooling and decompression to 450°C at 0.5 GPa, was proposed by Avigad et al. (1992). Trotet 
et al. (2001a) suggested a cooling and decompression path from 600°C at 2.0 GPa to 350°C at 0.9 
GPa for the northern eclogite-blueschist unit, with further cooling and decompression for the 
greenschist unit. Schmädicke and Will (2003) assign greenschist facies conditions of <450°C at 
0.9-1.0 GPa. 
 
2.6 Sample Description 
 We collected blueschist samples from just south of Cheronissos and from cliffs north of 
Vroulidia Bay in the northern part of Sifnos (Figure 2.1). Preliminary analysis of several samples 
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revealed that garnet in sample 06MSF-6C was easily cleansed of inclusions yielding relatively 
high garnet 147Sm/144Nd ratios, thus providing a good opportunity for acquiring precise age 
information.  As a result, sample 06MSF-6C is the focus of the present study.  
 Sample 06MSF-6C is a 1560 cm3 block of float from the Cheronissos area, just south of 
Pentzoulas, containing porphyroblasts of garnet up to 15 mm in diameter; the primary outcrop 
source of this hand sample was later confirmed nearby (N37° 01’56.1”, E24° 39’45.2”).  The 
assemblage for 06MSF-6C includes sodic amphibole, epidote, garnet, paragonite, rutile, and less 
abundant quartz, phengite, jadeite, hematite, chloritoid and lawsonite; the latter two minerals 
occur only as inclusions in other minerals.  Large crystals of garnet and epidote are easily visible 
within the glaucophane-paragonite matrix.   
 
2.7  Petrography 
 Garnet (Figure 2.2A) is riddled with ~0.2 mm inclusions of quartz that are aligned 
subparallel to the matrix foliation. Quartz is by far the most abundant inclusion in garnet.  
Inclusions of glaucophane, rutile, chloritoid, jadeitic pyroxene, and epidote are also common. A 
few small white mica inclusions (later confirmed to be both phengite and paragonite) in garnet 
were found.  In addition, two rare lawsonite inclusions were discovered: one in garnet and the 
other in a large matrix glaucophane.   
 In the matrix, Na-amphibole (glaucophane) occurs (Figure 2.2B) both as large 
porphyroblasts and as fine-grained, inclusion-free aggregates.  Epidote is the largest matrix 
porphyroblast (5-10 mm) phase (beside garnet); the grains are typically euhedral and contain 
abundant inclusions of Na-amphibole and quartz, along with rare chloritoid.  Paragonite and 
phengite occur both as inclusion-rich porphyroblasts and as smaller, inclusion-free matrix grains.  
In thin section the white micas are difficult to distinguish, but microprobe observation suggests 
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roughly 50/50 phengite to paragonite.  White mica contains inclusions of Na-amphibole, quartz, 
chloritoid, and epidote.  Jadeitic pyroxene is present in the matrix as anhedral masses.  Rutile is 
an abundant accessory phase.  Hematite is sparsely distributed both as inclusions and in the 
matrix.  Chloritoid and lawsonite are absent from the matrix. 
 
2.8 Analytical Methods 
2.8.1 Mineral and Whole Rock Chemistry 
 Thin sections of 06MSF-6C were prepared for analysis on a JEOL JXA-733 Superprobe 
(Massachusetts Institute of Technology) for garnet traverses, spot analyses on garnet inclusions, 
and matrix spot analyses. The microprobe was run at a 10 nA beam current with a 15 kV 
accelerating voltage.  Spot size was 10 microns for hydrous phases and 1 micron for anhydrous 
phases.  Representative major element data for each phase is given in Table 2.1and 2.2. 
 A 45 cm3 slice of MSF-6C whole rock (including garnet) was cut from the hand sample 
for whole rock major element analysis. All weathered edges were removed; the slice was then 
powdered in an alumina ball mill and sieved through 100 m-mesh sieve. Similarly, garnet 
crystals were physically removed from a second portion of rock leaving 31g of garnet-free matrix 
for powdering and analysis.  The powdered samples were dried in an oven overnight at 150°C, 
then placed in porcelain crucibles.  The crucibles were heated in a furnace at 950°C for 45 
minutes; upon removal the crucibles were weighed to determine loss on ignition (LOI).  A portion 
was then taken from each sample and mixed with lithium metaborate (LiBO2) in a graphite 
crucible.  Along with four standards (SDC-1, QLO, IORC, SCo-1), the samples were placed in 
the furnace at 1050°C for 15 min.  After flux fusion, the samples/standards were dissolved in acid 
and filtered to remove any carbon contamination.  The samples and standards were then diluted 
4000:1 and run on the ICP-ES at Boston University.  Whole rock and matrix-only major element 
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chemistry is given in Table 2.3.  A portion of the whole rock (powdered as discussed above), 
along with whole rock standards QLO, W2, JA2, and MAS-1722, was prepared in a 2000:1 
dilution and run on a ICP-MS at Boston University to conduct whole rock trace element analysis.   
Whole rock trace element chemistry is given in Table 2.4. 
 
2.8.2 Modal Analysis 
 Large slabs (56 cm2) of the whole rock were point counted to determine the garnet mode.  
Point counts over several different representative areas were performed, and modal analysis 
converged at 11 area % garnet for representative areas of 15 cm2 or greater.  Because modes were 
determined on several slabs, we interpret the calculated area percent to be equivalent to volume 
percent.  For the matrix mineralogy, point counts were made in thin section.  The modal 
mineralogy for whole rock and matrix are given in Table 2.5. 
 
2.8.3 Microsampling and preparation for garnet geochronology 
 Two large neighboring garnets from the same sample were selected for analysis.  One 
matrix sample (matrix 1) was taken immediately adjacent to the two garnet crystals and four other 
matrix samples (matrix 11, 12, 13, 14) were taken from other places in the hand sample, all 
within roughly 10cm of the analyzed garnets.  Chemically contoured microsampling for 
geochronology followed the methods outlined in Pollington and Baxter (2011).  Roughly 2-mm 
thick wafers were cut such that the geometric centers of garnet #1 and garnet #2 were within each 
wafer. The respective diameters of the garnets were 1.3 and 1.5 cm. Fe, Mg, Ca, and Mn 
concentrations were measured on the polished thick garnet slices and used to create semi-
quantitative chemical contour maps (Figure 2.3). At a grid spacing of 300 μm, 1676 and 1897 
points were measured on garnets #1 and #2, respectively. The electron microprobe mapping work 
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was carried out at an accelerating voltage of 15 kV, a probe current of 150 nA, and counting 
times of 5s for each of the four major divalent cations.  
 Using the chemical maps created by the MnO analysis, 3 zones from each garnet were 
defined and readied to be sampled by microdrilling, using the NewWave MicroMill drilling 
apparatus (Figure 2.3).  The garnets were mounted on a block of graphite and two trenches were 
drilled to isolate the three defined garnet growth zones. Drilled garnet from within the three zones 
created by the trenches were collected for both of the samples, hand crushed with a tungsten 
carbide percussion mortar, sieved to a size of 75-150 μm, magnetically separated using a Frantz 
separator, and handpicked in order to isolate relatively inclusion-free garnet fragments. The fine 
powdered pan residue from the sieving process was also collected separately from the coarser 75-
150 μm fraction, and analyzed with no additional treatment.  
 Upon completion of these initial sample preparation procedures, a partial dissolution 
technique, modified after Baxter et al. (2002) and Pollington and Baxter (2011), was performed 
on the 75-150 μm fraction to remove remaining inclusions (such as other silicate, phosphates, and 
more refractory phases like rutile and sphene). The garnet samples were kept in closed beakers in 
concentrated nitric acid for 3h at 120°C, then in concentrated hydrofluoric acid for 45min at 
120°C, and finally in perchloric acid overnight at 170°C. Many iterations of the partial 
dissolution techniques (varying acids, temperatures, durations, and starting grain size) were 
conducted on preliminary material in order to find the optimal combination of sample retrieval 
and purity of mineral separate prior to partial dissolution of the microdrilled samples.   
 After full dissolution, which included concentrated HF, 1.5 normal HCl, and concentrated 
HNO3, the samples (cleansed garnet, pan residue “garnet” powders, and matrix) were treated with 
a mixed 147Sm-150Nd spike prior to a three-stage column chemistry procedure (Harvey and Baxter, 
2009). This procedure includes passing the samples through a cation exchange resin to remove Fe 
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(which could otherwise swamp the TRU-spec), a TRU-spec column used to isolate the rare-earth 
elements, and a 2-methyl lactic acid column procedure to separate both Sm and Nd.  Using in-
house distilled MLA, three-column blanks run alongside all of the garnet samples ranged from 1-
19 pg of Sm and 5-7 pg of Nd.  Preliminary garnet samples from Sifnos (mentioned in Harvey 
and Baxter 2009) were prepared without the first stage anion exchange resin, leading to poor 
yields due to the high Fe-content of these garnets, and unacceptable sample-blank ratios and 
interference corrections.  These compromised preliminary data were not used for geochronology. 
 Table 2.6 provides the isotope data collected in this study from matrix, garnet, and 
powder residues from the sample.  Samples were analyzed at the Boston University TIMS facility 
using a Thermo-Finnigan TRITON. Neodymium separates were loaded with 2 μL of H3PO4 and 
Ta2O5 activator slurry and were collected as NdO+ in static mode with amplifier rotation, as 
described in Harvey and Baxter (2009). In-house Nd standard solution (Ames metal) yielded a 
mean of 143Nd/144Nd = 0.5121313 ± 0.0000059 (11.6 ppm, 2 RSD, n = 7) over the duration of 
sample analysis for this study.  Reproducibility in 147Sm/144Nd is better than 0.1% based on repeat 
analyses of a mixed gravimetric normal solution with our calibrated in-house spike. 
 
2.9 Data 
2.9.1 Bulk Rock Analyses 
 06MSF-6C is a mafic blueschist probably from an altered basaltic protolith common in 
the EBU of Sifnos (Schliestedt 1986).  It has moderate SiO2 content (53wt%), elevated Na2O 
(5.3wt%), low CaO (2.7wt%), and high total iron (12.9wt% expressed as FeO).  The rock is 
similar in bulk composition to the mafic blueschists analyzed by Schliestedt and Okrusch (1988) 
and Mocek (2001). The high Na2O and low CaO contents are consistent with spilitization of a 
basaltic protolith.  The REE chemistry for 06MSF-6C is similar to mafic blueschist data from 
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Mocek (2001), with a slight enrichment of the LREE that is typical of back-arc tholeiite.  Table 
2.3 also shows the bulk chemistry of the matrix only (without garnet and garnet mineral 
inclusions).  Most notable are the increase in Al and Ca and decrease in total Fe in the matrix 
(relative to the whole rock) which reflect the removal of garnet and its inclusions from the bulk 
matrix.  In addition, we used measured average mineral chemistry (Table 2.1 and 2.2) and 
measured matrix modal analysis (Table 2.5) to estimate the bulk ferric/ferrous content in both the 
whole rock (Fe3+/Fetot=.29) and the matrix (Fe3+/Fetot =.38) as reported in Table 2.3.  This 
difference in ferric/ferrous content brought about by removal of garnet from the remaining matrix 
proved an important aspect of pseudosection modeling described below.   
 
2.9.2 Microprobe Analyses 
 Garnet is almandine-rich (Table 2.2). A core to rim transect of spot analyses in a 15 mm 
garnet reveals a smoothly decreasing Mn concentration from core to rim, with the exception of a 
small “spike” near the rim of the garnet, confirmed in other garnets analyzed (e.g. Figure 2.3).    
Other major cations show similar smooth variation as shown in Figure 2.4 with Mg and Ca 
increasing from core to rim, and Fe remaining fairly flat until a slight decrease near the rim.  
These patterns imply undisturbed prograde growth for the garnet with no significant diffusive re-
equilibration, except for the outermost analysis which was not used in our calculations. Andradite 
component (averaging about 5 mol%) was estimated by normalizing to 8.00 cations and 12.00 
oxygens.  In comparison to the higher MnO observed in the garnet chemical map (Figure 2.3) this 
thin section transect seems to have missed the exact chemical core of the garnet, implying the 
actual core had somewhat higher MnO and probably slightly lower MgO than shown in Figure 
2.4.  We also report the rim chemistry in Table 2.2 from the average of six spot analyses in two 
garnets just inside the extreme edge of the garnet.   
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 The sodic amphibole in the matrix and included in garnet lies between glaucophane and 
riebeckite (average composition Na2.04 (Mg1.65Fe2+1.55Fe3+0.35Al1.47) Si8O22 (OH)2) using the 
approach of Holland and Blundy (1994). Paragonite (average composition (Na0.88K0.06Ca0.01) 
(Al1.94Fe0.05Mg0.01) (Al0.91Si3.09) O10 (OH)2) and phengite (average composition (K0.87Na0.08) 
(Al1.51Fe0.26Mg0.27) (Al0.57Si3.43) O10 (OH)2) coexist in this sample in roughly equal proportions. 
Sodic pyroxene (jadeite-acmite with average composition (Na0.86Ca0.03) (Mg0.03Fe3+0.34Al0.63) 
Si2O6) is present in anhedral patches in the matrix, and also occurs as inclusions in garnet. 
Epidote is abundant throughout the sample and shows a wide range of compositions: inclusions 
within garnet vary from 0.78-0.87 of the FeAl2 endmember, and matrix grains are zoned from 
core compositions of ~0.72 FeAl2 to rim compositions of 0.76-0.97 FeAl2. Matrix epidotes clearly 
overprint the fabric and represent late stage growth. Epidotes included within garnet show 
irregular zoning and morphology indicative of a replacement texture (perhaps after lawsonite; see 
below). 
 
2.9.3 Geochronology 
 Three zones from each of the two adjacent garnets were analyzed for isotope 
compositions (Table 2.6).  All of the garnets in this study contain less than 0.1 ppm Nd (0.03-0.09 
ppm). Given the inclusion density, the chemical steps necessary to remove impurities from garnet 
resulted in such high mass losses (90-95%) that very little Nd (between 0.9 and 2.1 ng) remained 
in the cleansed garnets for analysis.  High 147Sm/144Nd values ranging from 3.0 to 4.8 for five of 
the zones and 1.0 for the rim zone of Gt2 were achieved, indicating success in eliminating 
adverse inclusion contamination effects (see below).  The variation in Nd concentration and 
147Sm/144Nd between garnet zones could be due to differing chemistry of the garnet itself, the 
nature of the inclusion population, or the effectiveness of the partial dissolution process within 
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each zone.  Analysis of the five matrix samples showed them to be essentially identical 
throughout the hand sample; small variations reflect subtle mineralogical differences.  Thus, each 
of the six garnet zone samples was paired with the same five matrix samples, yielding six 6-point 
isochrons (because the five matrix values are essentially identical these are still effectively two-
point isochrons). All age calculations used the Isoplot program (Lugwig 2003).  The ages are 
shown in Table 2.7 and Figure 2.5.  The third (rim) zone from garnet #2 has a lower 147Sm/144Nd 
than the other zones analyzed and thus poorer age precision. This could be due to the 
incorporation of some matrix material or incomplete removal of inclusions during the physical or 
chemical separation techniques.  Nonetheless, all six garnet-matrix isochron ages yield identical 
results within uncertainties (Figure 2.5). 
 Because the chemically similar core, middle, and rim of each garnet yield consistent ages, 
we elect to group like garnet zones into 7-point isochrons, each of which includes the same zones 
from each of the two garnets and the five matrices.  Table 2.7 and Figure 2.5 show these multi-
point isochron ages for each of the three garnet zones. The ages of the core to rim of the garnets 
from this sample are 46.50 ± 0.80 Ma (MSWD=1.2), 46.49 ± 0.53 Ma (MSWD=1.08), and 46.46 
± 0.59 Ma (MSWD=1.14), respectively. These ages for core, middle, and rim growth are 
statistically indistinguishable.  An 11-point isochron age, including all six cleansed garnets and 
the five matrix analysis, gives 46.49 ± 0.36 (MSWD=0.78) for the average age of garnet growth.  
This isochron is shown in Figure 2.6.  The low MSWD of this combined isochron supports the 
conclusion that both of these garnets grew at the same time. However, there is more value in 
recognizing the statistical significance of the simple growth geometry and separately calculating 
ages for core, middle, and rim of the garnets to constrain the actual growth duration. 
  Finally, the previously mentioned pan residue powders (or pwd, as in Table 2.6) from 
gt1 and gt2 are also plotted with the multi-point isochron shown in Figure 2.6. All of the pan 
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residues fall significantly off of the garnet-matrix isochron, suggesting that they represent 
contamination from a component of the inclusion population (likely inherited monazites with 
very low 147Sm/144Nd ratios) not in age equilibrium with the garnet-matrix system. If these 
untreated “garnet” powders – which thus represent mixes between clean garnet and inherited 
inclusions - are used in our calculations instead of the matrices, multi-point “isochron ages” for 
each zone yield poorer MSWD (5.1, 2.5, and 6.1), poorer precision ((±2.2, ±0.58, and ±2.7 Ma)  
and skewed ages (48.1, 47.72, and 47.8 Ma).  If the powders are added to the 11-point garnet-
matrix isochron shown in Figure 2.6, MSWD further worsens to 24.  As the inclusion-rich 
powders reflect age inheritance and do not yield true isochrons (evidenced by high MSWD; 
Wendt & Carl 1991), they are not used as part of the multi-point isochrons nor in our age 
interpretations.  We show them here to illustrate the great importance, in terms of garnet age 
precision and accuracy, of removing the effects of these inclusions as well as our ability to have 
successfully done so.  
 
2.9.4 Overall garnet growth span 
 The most significant aspect of the geochronologic results presented here is the 
concordance in age between all zones of the two garnets (Figures 2.5 and 2.6). This suggests that 
the duration of blueschist-facies garnet growth in this lithology on Sifnos was very brief. The 
difference in age between the core and rim multi-point isochron ages is 0.04 Ma, though with 
larger uncertainty. Propagating the 2σ age errors provides a maximum duration of garnet growth 
of 1.03 Myr. Instantaneous growth is also allowable within our uncertainties.  Overall, we 
conclude that garnet growth occurred in less than 1.0 million years, and more likely spanned only 
a few 100,000s or even 10,000s of years.    
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2.9.5 Garnet growth rate 
 By combining the garnet growth durations determined here with the observed modal 
abundance of garnet in the sample, we can calculate a bulk-rock garnet growth rate.  This time-
averaged rate may be expressed in terms of moles of garnet produced per year.  Although growth 
rates may be expected to change in response to fluctuations in reaction (or reactions) progress 
and/or conditions amenable to garnet growth (e.g. Pollington and Baxter 2010), our data permit 
only a time-averaged growth rate. Because we are interested here in reconstructing the total 
amount of reaction that occurred over the growth interval, the time-averaged rate is appropriate.  
For the maximum (2σ) growth span of 1.0 Ma, given a volumetric garnet abundance of 0.11 cm3 
garnet/cm3 rock, and taking a density of 4.17 g/cm3 and a molecular weight of 482 grams/mole 
for the almandine-rich garnet (as calculated from the garnet mineral chemistry), we arrive at a 
constraint for the minimum (2σ) garnet growth rate of 9.4 x 10-10 mol/cm3/yr.  The same 
calculation using the absolute garnet growth duration of 0.04 Ma yields a garnet growth rate of 
2.4 x 10-8 mol/cm3/yr.  Infinitely fast garnet growth rates (spanning zero time) are permissible 
(though obviously not likely) within our age constraints. 
 
2.10 Thermodynamic Analysis 
2.10.1 Pressure-temperature span of garnet growth 
 To constrain the pressure-temperature span of garnet growth, we compare measured 
garnet core and rim chemistry with garnet compositional isopleths predicted from pseudosection 
analysis.  We constructed two pseudosections: one for the whole rock chemistry (Table 2.3) in 
Figure 2.7A (appropriate for the initiation of garnet core growth) and one for matrix chemistry 
(Table 2.3) in Figure 2.7D (excluding garnet chemistry which is effectively fractionated out of the 
system, appropriate for the very final growth of garnet rim).  Pseudosections were computed with 
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the program Perple_X  (Connolly, 2009) using full solution models (including ferric iron 
endmembers where appropriate) for the following phases: garnet (White et al., 2005), Ca- and 
Na-amphibole (Dale et al., 2000), white mica, (Smye et al., 2010), omphacite (Green et al., 2007), 
epidote (Holland & Powell, 1998), chloritoid (Smye et al., 2010), chlorite (Holland et al., 1998), 
feldspar (Fuhrman and Lindsley, 1988)  and Fe-oxides (Andersen and Lindsley, 1988).  
Lawsonite, rutile, quartz, and sphene were considered as pure phases.  Calculations were for 
water-saturated conditions.  Note the significant differences between the whole-rock (Figure 
2.7A) and matrix (Figure 2.7D) pseudosections, highlighting the importance of accounting for 
garnet fractionation during growth (e.g. Konrad-Schmolke et al. 2008a, 2008b; Marmo et al., 
2002). 
 Figure 2.7A shows garnet chemical isopleths for Ca, Fe, Mn equivalent to measured 
garnet core chemistry (Table 2.2) superimposed on the whole-rock pseudosection.  Mg content is 
low and it is highly sensitive to uncertainties (especially including the likelihood that the true core 
Mg was lower than that in the analyzed traverse; see above) and is not considered.  Analyzed Mn 
in the traverse core is also probably slightly too low, but Mn isopleths are very tight in this part of 
the diagram and lead only to slight shift towards lower T within the bounds shown.  These 
isopleths converge on an average P-T of garnet core growth of ~2.0 GPa and ~460 C, which falls 
just within the assemblage chlorite-chloritoid-glaucophane-garnet-phengite-lawsonite-quartz-
rutile. This is consistent with garnet inclusions of all these minerals except chlorite which is 
predicted to be in very low abundance.  Figure 2.7D shows a diagram for the garnet rim 
chemistry on the matrix pseudosection.  These isopleths converge on an average P-T of garnet 
rim growth of ~2.2 GPa and ~560 C, which falls in the assemblage omphacite-glaucophane-
garnet-phengite-paragonite-lawsonite-quartz-rutile. The appearance of omphacite and paragonite 
is consistent with matrix mineral observations. The only notable discrepancy between predicted 
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and observed mineralogy is the absence of epidote in the pseudosections at the P-T range of 
garnet growth.  Epidote was observed as an abundant inclusion in garnet as well as a major 
euhedral overprinting phase in the matrix.  Notable also is the almost complete absence of 
lawsonite in the matrix.  Both can be explained by examining the pseudosection in Figure 2.7D, 
which shows lawsonite breakdown upon decompression after garnet growth and the resulting 
growth of epidote in the final observed assemblage.  All epidote is therefore considered to reflect 
breakdown of lawsonite, both included in garnet and in the matrix where the large euhedral 
epidotes were able to form.  
 The P-T constraints on the span of garnet growth are also consistent with the P-T 
envelope determined for Sifnos blueschists by Groppo et al. (2009) shown for reference in Figure 
2.8 which summarizes the P-T constraints.  Note that garnet growth spanned less than 1Ma during 
near isobaric heating from 460 to 560 °C.  This equates to a minimum heating rate of 100 °C/Ma. 
 
2.10.2 Constraining a dehydration rate 
 The broad aim of this study is to provide a method to constrain the rate of dehydration 
during subduction zone metamorphism. Thus, garnet growth and water production must be 
directly linked.  To a first order, note that predicted growth of garnet corresponds to predicted 
loss of water for both starting (Figures 2.7B,C) and ending (Figures 2.7E, F) effective 
compositions.  If we were to ignore the fractionating effect of garnet growth and simply follow 
the P-T path to the end of garnet growth (11 vol%) on the whole-rock pseudosection (Figure 
2.7A, B, C), we would conclude that the final bulk water content was ~2.6 wt%, indicating 
liberation of ~1.0 wt% water during garnet growth.  However, as vividly indicated by the matrix 
pseudosection in Figure 2.7D, E, F, this conclusion would be erroneous.  In fact, fractionation of 
garnet (and garnet inclusion) chemistry changes the matrix chemistry during growth.  Most 
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importantly, this has the effect of stabilizing lawsonite during the entire garnet growth interval, 
which in turn sequesters much of the water into its structure, limiting total dehydration during 
garnet growth.  It is crucial for the reader to appreciate that one cannot directly interpret net 
dehydration from a single pseudosection analysis that ignores the fractionating effect of garnet 
growth.  The whole rock pseudosection is needed to constrain the conditions at start of garnet 
growth, and the matrix pseudosection is needed to constrain the conditions at the end of garnet 
growth.  
 A comparison between total structurally bound water at the start and finish of garnet 
growth permits the dehydration flux calculation.  To accomplish this, we use calculated bulk rock 
water contours from the pseudosections for whole rock (garnet core growth) and matrix (garnet 
rim growth) compositions (Figure 2.7C, 2.7F).  Since the pseudosection analysis predicts that 
~1.7 vol% garnet should already have grown at these P-T conditions, we recalculate the initial 
bulk rock water content by forcing garnet modal proportion to zero arriving at ~3.7 wt% water 
(virtually identical to that shown in Figure 2.7C).  Such an offset between predicted and observed 
P-T for garnet nucleation is not a surprise and likely relates to the critical overstepping required 
for nucleation and growth.  Uncertainty in P-T of garnet core growth has very little effect on 
predicted starting water content because the water contours are widely spaced in this range of P-T 
space and predicted garnet mode is very low.   
 Using the final matrix bulk composition to account for garnet fractionation shows that 
~3.8 wt% water remains in the matrix only at the end of garnet growth, as shown on Figure 2.7F.  
Indeed, as lawsonite was stabilized, the water content of the matrix actually increased during 
garnet growth.  However, this does not include the garnet (11 vol. %) that is present in the rock.  
When garnet is added back into the total rock assemblage (forcing the total garnet mode to 11 
vol.% as observed) the final bulk rock water content is 3.3-3.4 wt% (given uncertainty is PT 
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estimate), indicating a loss of 0.3-0.4 wt% during garnet growth.  Figure 2.8 summarizes the 
constraints we can place on the timing and amount of dehydration from this lithology.  
 Pseudosection analysis, accounting for bulk chemical fractionation of garnet by direct 
measurement of matrix and whole-rock chemistry, indicates that the 11 vol.% of garnet grown in 
<1Ma yielded 0.3 to 0.4 wt.% water.  Pseudosection analysis also indicates the modal mineralogy 
at start and finish of garnet growth (with garnet mode forced to zero at the start and 11 vol.% at 
the end of garnet growth).  By subtracting the final modal mineralogy from the initial modal 
mineralogy (recast into molar quantities), we can calculate the net reaction stoichiometry to 
identify the major matrix phases contributing to water release (and uptake).  The following 
reaction describes this net reaction from start to finish of garnet growth: 
 
0.02 chl + 0.97 glauc + 0.10 phengite + 0.06 chloritoid + 0.10 rutile =  
1.07 omphacite + 0.18 paragonite + 0.16 lawsonite + 1.36 quartz + 1.00 garnet + 0.69 water 
 
Here, we see that glaucophane is the major reactant phase contributing to water release, with 
chlorite, chloritoid and phengite contributing smaller amounts. Lawsonite (in particular) and 
paragonite absorb some of the water that might otherwise have been liberated from the rock.  
Finally, we see that the average garnet:water stoichiometric production ratio is ~1.0:0.7.  Figure 
2.7 shows that this stoichiometric production ratio surely varies along the garnet growth path as 
the exact garnet-forming reaction changes, though we cannot constrain the relative timing and 
duration of each segment of the garnet-forming reaction given our age constraints.  Combining 
the geochronology with the total water release yields an average minimum dehydration rate 
during prograde garnet growth of 5 to 7 x 10-10 moles H2O per cm3 of rock per year. 
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 To place the dehydration flux related to garnet formation in this rock into a subduction-
zone context, we consider the additional dehydration that followed garnet growth.  Although we 
do not have P-T constraints beyond garnet growth for this rock, we can use the P-T envelope of 
Groppo et al. (2009) to estimate the post-garnet growth P-T trajectory.  The inferred P-T path 
shows nearly isothermal decompression during the initial stages of exhumation, following garnet 
growth.  This is important because it means the post-garnet growth water release did not occur 
during prograde subduction (as the garnet-related dehydration did), but rather during exhumation.  
As shown in Figure 2.8, at some point during exhumation the rock crossed the major lawsonite-
out reaction (lawsonite is replaced by epidote which we observe as an overprinting phase in the 
final assemblage), which liberated another ~1.4 wt.% water, leaving the final rock assemblage 
with ~2.0 wt. % water.  We observe 1.5% LOI in the rock today (Table 2.3).      
 
2.10.3 Possible causes of rapid garnet growth rates 
 The Sifnos garnets grew rapidly.  To our knowledge, these are the first subduction-zone 
garnets that have been dated from core to rim thus constraining growth rate.  However, several 
similar measurements exist from Barrovian metamorphic settings (e.g., Christensen et al. 1989, 
1994; Pollington and Baxter 2010; Vance and O’Nions 1992; Vance and Harris 1999).  With the 
exception of the latter (see below), each of these regional metamorphic studies indicate growth 
spans of like-sized garnets of several million years, at average rates significantly slower than we 
observe on Sifnos. Therefore, relative to Barrovian metamorphism, conditions conducive to more 
rapid garnet-forming reactions existed during the brief interval of garnet growth within the 
subducted lithology preserved on Sifnos.  We offer some speculation as to why garnet growth 
(and associated dehydration) were so rapid in this case.  One possibility involves rapid 
overstepping (in P and/or T) of closely spaced garnet-in reaction isopleths.  Another possibility is 
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the influence of a kinetic catalyst – perhaps via infiltration of an externally derived fluid.  The 
former (rapid P-T shift) seems most likely given the evidence for rapid heating from 460 °C to 
560 °C in less than 1 Ma (Figure 2.8).  However, the subduction descent rate for these rocks was 
very slow (and with shallow dip angle), requiring perhaps 10-20 Ma to gradually reach blueschist 
facies conditions (Ring and Layer 2003).  If the garnet-forming reaction occurred during nearly 
isobaric heating (as implied by the P-T span of garnet growth; Figure 2.8), perhaps after 
detachment from the slowly descending slab into the subduction channel where temperature 
gradients are severe, such heating may be geodynamically feasible.  Or, the rapid heating could 
relate to a slab-mantle decoupling depth of ~70-80km (very close to the estimates of maximum 
Sifnos pressures and depths from our work and from Groppo et al. 2009) where sharp thermal 
gradients driven by hot mantle flow have been shown in some models (e.g. Wada and Wang 
2009).  Groppo et al. (2009), on the basis of geospeedometric analysis of 40Ar/39Ar data on Sifnos, 
also suggest the possibility of brief excursions in temperature and/or pressure representing a more 
complex P-T-t path than is currently resolvable in thermodynamic modeling.  We could indeed be 
seeing supporting evidence for these ideas in our garnet growth geochronology.  Brief thermal 
pulses have also been documented in regional metamorphism associated with advective heat 
sources (e.g., Ague and Baxter, 2007; Vorhies and Ague, 2011). Kinetic fluid triggering has also 
been documented in subduction zones (e.g. Austrheim, 1987; John and Schenk, 2003; Camacho 
et al., 2005) and regional orogeny (e.g. Pollington and Baxter 2010).  In this scenario, an 
externally (or internally) derived fluid wets the system and allows an overstepped reaction to 
burst to completion by eliminating kinetic barriers (e.g., Baxter, 2003).  A fluid triggering 
mechanism during subduction would require a further accounting of the source of the catalyzing 
fluid, proposed by some to derive at least in part from mantle de-serpentinization (e.g., John et al., 
2004; Halama et al., 2011, Spandler et al., 2011) or by dehydrating assemblages within the 
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subduction channel.  Also, a fluid kinetic triggering wouldn’t necessarily lead to the rapid heating 
observed (though it could be linked to such heating).  While the brief duration of garnet-growth-
related dehydration in this Sifnos blueschist is clear, further analysis will be required to test 
hypotheses regarding the cause of the rapid growth pulse in this and other subducting lithologies. 
 
2.10.4 Implications for net water release in subduction zones 
 Based on the modal abundance of garnet in the rock (11 vol.%), and the thermodynamic 
reaction analysis above, we calculate that 0.3-0.4 wt% H2O was released from the rock due to the 
prograde garnet-forming reaction(s) during this brief time interval (0.04 ± 0.99 Ma). Though 
many variables (rock composition, subduction rate, subduction dip, thermal regime) can alter the 
thermodynamic-geodynamic predicted dehydration flux, our 0.3 to 0.4 wt.% H2O release may be 
compared to the range of available model predictions (e.g., Kerrick and Connolly, 2001, Hacker 
et al., 2003, Hacker, 2008, van Keken et al., 2011) for subduction to comparable depths (~2.2 
GPa) and maximum temperatures (~560°C).  For example, Kerrick and Connolly (2001) modeled 
metamorphic devolatilization of subducting basalt that began with 2.68 wt.% water. Their results 
for water release along high, intermediate, and low temperature PT-paths range from complete 
devolatilization for high-temperature gradients (i.e. release of 2.68 wt.% water at <2.5 GPa) to 
negligible water-release for low-temperature gradients. For the Sifnos P-T trajectory shown in 
Figure 2.8, Kerrick and Connolly (2001) would predict 0.7 to 0.9 wt.% water release.  Hacker et 
al. (2003) and Hacker (2008) averaged data from a wide array of natural metabasalts to predict a 
total water content of 0.7 wt.% at the “peak” of the Sifnos P-T trajectory, compared to ~3 wt% 
before garnet growth; they thus predict release of ~2.3 wt.% during the time interval of garnet 
growth. Although direct comparisons to these calculations are hampered by differences in bulk 
rock composition and initial water content, the calculated release of 0.3-0.4 wt.% from the mafic 
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blueschist studied here is lower than these previous estimates. Note, however, that our constraint 
does not include any water released before or after the garnet-forming reaction, and indeed when 
the additional water loss due to lawsonite breakdown is added, total water loss from our rock is 
~1.7 wt.% much closer to the Hacker et al., (2003) estimates.  It is important to realize that this 
lawsonite breakdown occurs not during subduction for sample MSF-6C, but only upon the onset 
of exhumation to the surface.  Because Hacker et al. (2003) use final assemblages to constrain 
bulk water their analysis will incorporate post-subduction water release.  In addition, the 
thermodynamic calculations of Kerrick and Connolly (2001) do not include the path dependent 
effect of garnet compositional fractionation as we have done here.  They are essentially using a 
single bulk composition to model progressive bulk water loss.  As discussed above and shown in 
Figure 2.7, this approach leads to an overestimate of total water loss by ignoring the effects of 
changing matrix mineralogy which stabilizes hydrous phases like lawsonite.  Future dehydration 
calculations should carefully consider this effect.  In any case, our analysis focused solely on 
garnet-forming reactions has captured a significant amount of the total predicted water release at 
blueschist facies conditions.   
 It is important to emphasize that our result applies strictly to only this lithology in this 
particular P-T path for Sifnos.  Mafic blueschists with similar mineralogy and chemistry are fairly 
common in the eclogite-blueschist unit of Sifnos, but subtle differences in chemistry may change 
the dehydration specifics even so.  Further analysis of other Sifnos lithologies, beyond this test 
case, would be required to determine overall trends and to reconstruct a broader dehydration flux 
from diverse subducting rock types for this P-T trajectory.  Still, the brevity of significant garnet 
growth and related dehydration and heating in this lithology is striking within the context of the 
overall subduction descent timescale of ~10-20 Ma (Ring and Layer, 2003). 
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2.11 Conclusions 
 This work presents a method for constraining the rate and duration of water release from 
subducted lithologies that is based on constraining rates of garnet-forming reactions occurring 
during subduction.  We produced precise Sm/Nd geochronological data on concentric growth 
zones in individual garnets with extremely low concentrations of Nd. Garnet growth in this mafic 
blueschist took place over a brief span between growth of the core at 46.50 ± 0.80 (at 2.0 GPa and 
460° C) and growth of the rim at 46.46 ± 0.59 Ma (at 2.2 GPa and 560° C), with a maximum (2σ) 
growth duration of 1.0 Ma.  By combining precise geochronological data with thermodynamic 
constraints on the garnet-forming dehydration reaction, we calculate a time-averaged minimum 
(2σ) dehydration rate of 5 to 7 x 10-10 mol H2O/cm3 rock/yr.  The same method should also allow 
quantification of water release rates for other sampled lithologies and conditions from which 
integrated fluid fluxes may be compiled to test model predictions.  The release of 0.3 to 0.4 wt% 
water over a very brief period of time (most likely 10,000s to 100,000s of years) during 
subduction suggests that a significant amount of dehydration from subducted lithologies may 
occur in a brief focused pulse, rather than more slowly and continuously during descent as in 
most models (e.g. Schmidt & Poli, 1998; Kerrick and Connolly, 2001; Hacker et al., 2003; 
Hacker, 2008; van Keken et al., 2011).  Future testing of this hypothesis is necessary to determine 
whether such dehydration pulses occur in other subduction terranes and lithologies, and when 
detected, whether they are driven by heating within the subduction channel, sharp thermal 
gradients related to slab-mantle decoupling (e.g. Wada and Wang, 2009), by externally derived 
fluids triggering the overstepped reaction, or by some other kinetic or geodynamic factor.   
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Table 2.1: Average composition of matrix minerals for sample 06MSF-6C. 
 
Table 2.2: Representative garnet composition for 06MSF-6C. 
 
Table 2.3: Major element analysis of whole rock 06MSF-6C. 
 
Table 2.4: Trace element analysis of whole rock 06MSF-6C. 
 
Table 2.5: Mineral modal analysis (from point count) of sample 06MSF-6C. 
 
Table 2.6: Sm-Nd isotopic data for 06MSF-6C. 
 
Table 2.7: Age summary for 06MSF-6C.
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Table 2.1 
 
Amphibole Epidote Phengite Paragonite Pyroxene Lawsonite Chloritoid 
SiO2 56.83 38.41 50.57 49.01 56.90 39.26 24.23 
TiO2 0.02 0.10 0.17 0.06 0.03 0.00 0.04 
Al2O3 8.81 23.72 25.93 38.37 14.97 30.88 39.63 
Fe2O3 3.61 13.33 0.00 0.00 14.33 0.00 0.00 
FeO 13.28 0.00 4.59 0.92 0.00 1.38 24.29 
MnO 0.04 0.20 0.01 0.02 0.01 0.04 0.14 
MgO 7.87 0.03 2.68 0.08 0.58 0.04 3.71 
CaO 0.27 23.30 0.02 0.11 0.83 16.76 0.03 
Na2O 7.49 0.05 0.58 7.19 12.55 0.00 0.00 
K2O 0.02 0.02 10.09 0.70 0.00 0.00 0.01 
Total 98.25 99.17 94.64 96.45 100.20 88.36 92.07 
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Table 2.2 
 
Core Rim Average 
SiO2 36.96 37.52 37.09 
TiO2 0.10 0.06 0.11 
Al2O3 21.02 21.65 21.22 
Fe2O3 1.92 1.62 1.58 
FeO 29.95 29.17 30.15 
MnO 5.23 1.17 2.48 
MgO 1.42 2.37 1.88 
CaO 5.08 8.03 6.57 
Na2O 0.00 0.01 0.00 
Total 101.67 101.58 101.08 
XFe2+ 0.666 0.639 0.669 
XMg 0.056 0.093 0.074 
XMn 0.118 0.026 0.056 
XCa 0.145 0.225 0.187 
%Alm 66.6 63.9 66.9 
%Pyr 5.6 9.3 7.4 
%Sps 11.8 2.6 5.6 
%Grs 10.7 20.1 15.7 
%And 3.8 2.4 2.9 
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Table 2.3 
 
Whole rock Matrix 
SiO2 53.15 54.70 
TiO2 1.07 0.99 
Al2O3 13.77 16.37 
FeO (tot) 12.92 11.16 
*Fe2O3 4.15 4.70 
*FeO 9.19 6.93 
MnO 0.14 0.04 
MgO 5.65 5.22 
CaO 2.72 3.65 
Na2O 5.30 5.63 
K2O 0.99 0.95 
P2O5 0.09 0.07 
LOI 1.45 1.94 
Total 97.67 101.189 
* ferric/ferrous ratio estimated from mineral mode and chemistry, see text 
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Table 2.4 
 
ppm 
 
ppm 
 
C1 norm* 
Li 62.8 La 4.3 La 13.0 
Be 0.6 Ce 9 Ce 10.5 
Sc 45.6 Pr 1.3 Pr 9.9 
Ti 0.8 Nd 5.8 Nd 9.3 
V 272 Sm 1.8 Sm 8.7 
Cr 7.8 Eu 0.6 Eu 8.2 
Co 40.5 Gd 2.2 Gd 8.1 
Ni 11.6 Tb 0.4 Tb 7.6 
Cu 48.6 Dy 2.5 Dy 7.4 
Zn 91.5 Ho 0.6 Ho 7.1 
Ga 9.9 Er 1.6 Er 7.0 
Rb 22.7 Yb 1.6 Yb 7.3 
Sr 111.5 Lu 0.2 Lu 7.3 
Y 15.5 Hf 0.1 
  Zr 35.5 Ta 0.1 
  Nb 0.9 Pb 4.2 
  Cs 0.8 Th 1.2 
  Ba 132.7 U 0.4 
  
      * normalized to C1 chondrite 
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Table 2.5 
Phase Whole Rock   Matrix only 
    glaucophane 0.37 
 
0.42 
garnet 0.11 
 
0 
pyroxene 0.13 
 
0.14 
epidote 0.05 
 
0.06 
*paragonite 0.13 
 
0.145 
*phengite 0.13 
 
0.145 
quartz 0.06 
 
0.07 
rutile 0.02 
 
0.02 
* white mica estimated to be 50% phengite and 
50% paragonite based on microprobe observation 
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Table 2.6 
Sample  Sm (ppm) 
Nd 
(ppm) 
ng Nd 
loaded 
147Sm/144Nd 143Nd/144Nd ± 2 S.E. (abs) 
± 2 S.E. 
(ppm) 
        
matrix 1 2.763 9.163 18 0.1824 0.5126123 0.0000066 13 
matrix 11 1.222 4.091 ~25 0.1807 0.5126060 0.0000037 7.2 
matrix 12  1.701 5.598 ~25 0.1838 0.5126108 0.0000047 9.2 
matrix 13 2.904 9.936 ~25 0.1768 0.5126007 0.0000080 16 
matrix 14 2.261 7.582 ~25 0.1804 0.5126102 0.0000053 10 
        gt1 core 0.3415 0.04824 0.9 4.282 0.513862 0.000025 48 
gt1 mid 0.4949 0.06236 2.1 4.800 0.514012 0.000017 32 
gt1 rim 0.1352 0.02680 2.1 3.051 0.513481 0.000011 21 
gt2 core 0.3350 0.05474 1.1 3.618 0.513637 0.000037 72 
gt2 mid 0.5441 0.07173 1.4 4.589 0.513963 0.000051 99 
gt2 rim 0.0637 0.03777 1.9 1.019 0.512853 0.000025 49 
        gt1 core pwd 0.5854 1.112 19 0.3186 0.5126045 0.0000050 10 
gt1 mid pwd 0.6526 0.8863 18 0.4454 0.512644 0.000011 21 
gt1 rim pwd 0.9100 2.813 17 0.1935 0.5125947 0.0000048 9.4 
gt2 core pwd 0.6849 1.481 26 0.2797 0.5126053 0.0000045 8.7 
gt2 mid pwd 0.6686 0.9358 14 0.4322 0.5126530 0.0000059 11 
gt2 rim pwd 0.6074 1.926 19 0.1908 0.5125774 0.0000076 15 
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Table 2.7 
Isochron Age (Ma) 2σ Age 
uncertainty* 
MSWD 
    Gt1 core (gt1 core + 5 mtx) 46.74 0.91 1.3 
Gt1 middle (gt1 mid + 5 mtx) 46.44 0.55 1.3 
Gt1 rim (gt1 rim + 5 mtx) 46.48 0.59 1.3 
    Gt2 core (gt2 core + 5 mtx) 45.8 1.6 1.3 
Gt2 middle (gt2 mid + 5 mtx) 47.0 1.7 1.3 
Gt2 rim (gt2 rim + 5 mtx) 44.8 4.5 1.3 
    Multi-point Gt core (gt1 core + gt2 core + 5 mtx) 46.50 0.80 1.2 
Multi-point Gt middle (gt1 mid + gt2 mid + 5 mtx) 46.49 0.53 1.1 
Multi-point Gt rim (gt1 rim + gt2 rim + 5 mtx) 46.46 0.59 1.1 
    Average Garnet Age (11 point: all gt + all mtx) 46.48 0.36 0.79 
    *Age calculations use the poorer (higher) of the internal 2 SE (reported in Table 4) or the 
external 2 SD (0.0000059). 
In bold are the ages we consider most robust for core, middle, and rim. 
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Figure 2.1: Map of Sifnos, Greece showing sample location (star).  Map is modified after 
Schliestedt and Matthews (1984) and Trotet et al., (2001b).  Stratigraphic column shows 
relationship between major units on Sifnos.  The Cherronissos and Faros Units are separated by a 
low angle fault. 
 
Figure 2.2: Thin section photos of sample 06MSF-6C in plane polarized light. (a) Interior of a 
large garnet crystal showing abundant inclusions.  Key inclusion phases are labeled.  (b) 
representative matrix showing abundant glaucophane and paragonite with a large epidote crystal 
overprinting them.  Scale bar is 1 mm. 
 
Figure 2.3: Microdrilling of garnets 1 and 2 based on MnO contours.  Three concentric growth 
zones were drilled in each garnet.  The drill trenches are shown in black.  At bottom left is photo 
of garnet 1 mounted on carbon block after drilling.   
 
Figure 2.4: Representative core to rim traverse of garnet chemistry in sample 06MSF-6C. 
 
Figure 2.5: Summary of ages from core, middle, and rim of garnets 1 and 2. The multipoint ages 
shown include both garnet data as well as matrices.  See text. 
 
Figure 2.6: Sm-Nd isochron diagram showing all cleansed garnet data (red diamonds for garnet 
1; red squares for garnet 2), matrices (blue circles), and uncleansed “garnet” powders (open 
diamonds for garnet 1; open squares for garnet 2).  The reference isochron shown is the 11-point 
isochron including all cleansed garnets and all matrix points.  The inset shows how the powders 
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fall well off the isochron due to the effect of contamination from inherited inclusions with low 
Sm/Nd mixing with pure garnet. 
 
Figure 2.7: Pseudosection analysis for whole rock bulk chemistry (a,b,c) and matrix-only bulk 
chemistry (d,e,f). (a) Pseudosection diagrams for the whole rock chemistry.  Garnet chemical 
isopleths corresponding to observed core garnet chemistry (Table 2.2) are plotted (almandine = 
red, grossular = green, spessartine = blue); their intersection constrains the P-T of garnet 
nucleation.  Relevant phase fields along the PT trajectory are labeled. [(1) pl namph ph pa gt q ru; 
(2) pl namph ph gt q ru; (3) ep camph namph ph pa gt q ru; (4) chl namph ph pa gt law sph q; (5) 
chl camph namph ph pa gt sph q; (6) camph namph ph pa gt sph q ru] (b) Garnet modal isopleths 
in 1 vol% increments.  Garnet growth appears to have begun slightly after the predicted garnet-in 
indicating some critical overstepping for nucleation. Bold black line is the 11vol% contour for 
reference. (c) Structurally bound water wt% contours in 0.1 wt% increments for unfractionated 
whole rock chemistry.   (d) Pseudosection diagrams for chemistry of the matrix only (not 
including garnet).  Garnet chemical isopleths corresponding to observed rim garnet chemistry are 
plotted; their intersection constrains the P-T at the end of garnet growth.  Relevant phase fields 
along the PT trajectory are labeled.  [(1) jd namph ph gt law q ru; (2) jd namph ph gt ky law q ru; 
(3) jd ep namph ph gt ky q ru; (4) ep namph ph pa gt law sph q; (5) ep namph ph pa gt sph q; (6) 
ep pl namph ph pa gt sph q; (7) ep pl namph ph pa gt q ru; (8) pl camph namph ph pa gt q ru] (e) 
Garnet modal isopleths in 1 vol% increments for the matrix composition. Because this diagram 
models the garnet-free matrix only, we expect the predicted garnet mode to be near zero which it 
is.  (f) Structurally bound water wt% contours in 0.1 wt% increments for the matrix composition. 
[gt = garnet; jd = jadeite; namph = Na-amphibole; camph = Ca-amphibole; ph = phengite; pa = 
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paragonite; pl = plagioclase; q = quartz; ru = rutile; ep = epidote; law = lawsonite; chl = chlorite; 
sph = sphene; ky = kyanite]. 
 
Figure 2.8: Summary of P-T-H2O history for sample 06MSF-6C. Text boxes denote the volume 
abundance of garnet and the weight% of water at both garnet core and rim P-T, as well as after 
lawsonite is completely consumed upon exhumation.  For comparison, three recently published P-
T paths for Sifnos are shown.  The thick, light grey P-T “envelope” is from Groppo et al. (2009) 
which we use to infer exhumation trajectory. Solid, dark grey P-T path is from Schmädicke and 
Will (2003). Dashed, light grey P-T path is from Trotet et al. (2001b). Note that the thin dashed, 
black line denotes the lawsonite-out/epidote-in phase boundary at which point a significant 
amount of water is lost (see also Fig 7 c,f).  
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CHAPTER 3 
PULSED GARNET GROWTH AND RELATED DEHYDRATION AT BLUESCHIST 
FACIES CONDITIONS, SIFNOS, GREECE 
 
3.1 Introduction 
 Dehydration during subduction zone metamorphism plays an important role in the 
cycling of Earth’s volatile budget. The transport and subsequent release of fluids during 
progressive metamorphism can have a strong influence on many geologic processes, including 
mantle wedge melting and rheology (Ulmer and Trommsdorff, 1995; van Keken et al., 2002; 
Grove et al., 2006), arc magmatism (Peacock, 1990; Bebout, 1991; Schmidt and Poli, 1998), 
intra-slab earthquakes (Kerrick and Connolly, 2001; Hacker et al., 2003), and element recycling 
(Zack and John, 2007). Previously held as structurally-bound H2O in stable hydrous minerals 
phases, the fluids are released due to increasing pressure and temperature conditions, resulting in 
metamorphic reactions. These fluids can migrate through the slab via channelized fluid flow 
(Zack and John, 2007; John et al., 2012) and can kinetically trigger further mineral reactions 
(Austrheim, 1987; John and Schenk, 2003; Camacho et al., 2005) before ascending to the 
overlying mantle wedge, where it can induce partial melting (Gaetani and Grove, 1998; Ulmer, 
2001). The timescales of the dehydrations reactions may be small, occurring in pulses, rather than 
continuously during subduction. Estimates for very short timescales ranging from hundreds to 
hundreds of thousands of years have been made for these reactions (Camacho et al., 2005; 
Dragovic et al., 2012; John et al., 2012). Thermodynamic models have been used to make 
predictions on the amount of dehydration during subduction (Kerrick and Connolly, 2001; Hacker 
et al., 2003; Hacker, 2008; van Keken et al., 2011; Dragovic et al., 2012). Continuous mineral and 
water fractionation take place during subduction zone metamorphism, limiting the capabilities of 
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isochemical phase diagrams. In this study, we use a field-based method for determining the fluxes 
and timescales of dehydration in a subducting lithology, using a combined geochronologic-
thermodynamic forward modeling approach. This study shows that high precision differential 
geochronology, on a large garnet from an exhumed subducted lithology, can uncover that garnet 
growth (and associated dehydration) can be episodic, rather than continuous, and a bulk of the 
garnet growth (and dehydration) occurs during a narrow subduction P-T interval. 
 
3.2 Garnet as a passive marker for dehydration 
 Exhumed blueschist to eclogite facies metamorphic rocks provide a natural laboratory for 
testing the rates and timescales of dehydration reactions during subduction. Subduction zone 
metamorphism involves the production of garnet at the expense (dehydration) of hydrous phases 
such as lawsonite, micas, chloritoid, epidote, and amphiboles (El-Shazley and Liou, 1991; Spear, 
1993; Hacker et al., 2003). Large garnet porphyroblasts can be dated using technique like the 
147Sm/144Nd method in order to provide constraints on both the rates of garnet growth (Pollington 
and Baxter, 2010) and dehydration (Dragovic et al., 2012). In addition, these garnets preserve 
chemical zoning, providing one the opportunity to model the pressure and temperature conditions 
of metamorphism. By combining precise geochronology with thermodynamic modeling, garnet 
growth can be linked to particular dehydration reactions, and fluxes and timescales of garnet 
growth metamorphism and dehydration can be determined for a predicted P-T interval.  
 
3.3 Geologic Setting 
 Sifnos is part of the Cycladic Islands located southeast of the coast of mainland Greece. 
These islands are part of a subduction-related accretionary complex called the Attic-Cycladic 
crystalline complex, or ACCC (Durr et al., 1978; Matthews and Schliestedt, 1984; Schliestedt and 
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Okrusch, 1988; Okrusch and Brocker, 1990). Two units comprise the ACCC; an upper unit 
consisting of a sequence of unmetamorphosed sediments of Permian to Mesozoic age, ophiolites, 
Cretaceous to Tertiary greenschist, and granitoids (Brocker and Franz, 2006), and a lower unit 
consisting of a crystalline basement overlain by thrust sheets of a metamorphosed continental 
margin sequence. This lower unit, termed the Cycladic Blueschist Unit (CBU), contains the island 
of Sifnos. In the northwestern part of the island lies a well-preserved eclogite-blueschist unit 
(EBU), bounded on the north and south by separate marble complexes (Figure 3.1 and Okrusch et 
al., 1978; Trotet et al., 2001b; Ring and Layer, 2003; Brocker and Pidgeon, 2007). The EBU 
contains a variety of lithologies, including metabasites, metapelites, quartzites, and acidic 
gneisses. It is regarded as a structurally coherent continental margin sequence that would have 
experienced essentially the same metamorphic evolution (Dragovic et al., 2012).  
 Two stages of metamorphism occurred on Sifnos. The first stage involved Eocene 
blueschist to eclogite facies metamorphism. This period of metamorphism has been dated at 48-
41 Ma using K-Ar and Rb-Sr in white micas (Altherr et al. 1979; Wijbrans et al., 1990), ~41 Ma 
using 40Ar/39Ar apparent age spectra (Forster and Lister, 2005), and 46.50 ± 0.80 to 46.46 ± 0.59 
Ma using 147Sm/144Nd of large garnet porphyroblasts (Dragovic et al., 2012). Dragovic et al. 
(2012) determined that garnet growth metamorphism occurred over a brief period of time 
spanning tens to hundreds of thousands of years (no more than 1 My), with rapid garnet growth 
and water loss of 0.3 to 0.4 wt.% in a blueschist from the eastern section of the EBU.  This initial 
stage of metamorphism occurred during the collision of the Apulian microplate and the Eurasian 
continent (Avigad, 1993). Recent estimates for the pressure-temperature conditions of Eocene 
metamorphism have ranged between 525 to 600°C at 2.0-2.1 GPa (Trotet et al., 2001a; 
Schmadicke and Will, 2003; Groppo et al., 2009). Dragovic et al. (2012) determined that peak 
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garnet growth metamorphism occurred during nearly isobaric heating between 460 and 560°C at 
2.0-2.2 GPa.  
 The second stage of metamorphism consists of Miocene greenschist to amphibolite facies 
overprinting of the blueschist to eclogite metamorphism, dated at 24-18 Ma using K-Ar, Rb-Sr, 
and 40Ar/39Ar on white micas (Altherr et al., 1979; Wijbrans et al., 1990; Forster and Lister, 
2005). This latter stage of metamorphism occurred exhumation and infiltration of an ascending 
fluid phase (Brocker, 1990; Breeding et al., 2003), overprinting blueschists in the southern part of 
the island (Figure 3.1). Greenschist facies conditions were determined for cooling and 
decompression of the unit at 350 to 450°C and 0.5-1.0 GPa (Avigad et al., 1992; Trotet et al., 
2001a; Schmadicke and Will, 2003).  
 For a more complete discussion on geologic background, as well as petrologic and 
geochronologic work done on Sifnos, see Dragovic et al. (2012) and chapter 2.  
 
3.4 Sample Description 
 Sample 09DSF-1A is a moderately foliated, quartzofeldspathic gneiss found as float (the 
primary outcrop was not found) on the north face of Vroulidia Bay (found roughly 10 m uphill 
from N37° 01’27.6”, E24° 39’12.4”), in the northern section of the EBU, however structurally 
lower than the shear zone near the upper marble unit (Figure 3.2). The sample contains 
compositional banding, consisting of fine-grained, granoblastic quartz-rich layers, and finer-
grained layers of quartz, plagioclase, magnetite, and paragonite. Garnet exists in the hand sample 
as either isolated 3 cm crystals, or as one polycrystal comprising two large garnets, one ~5 cm 
crystal (gt1) abutting another smaller, 3 cm crystal (gt2). The large size of the garnets in this 
sample allows for highest level of spatial (and temporal) resolution, and is the reason for the use 
of this sample in this study. All garnet porphyroblasts have been flattened, forming lenticular 
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shapes in longitudinal cross section. Some of the smaller, isolated porphyroblasts are more 
idiomorphic, while the two larger garnets are more anhedral, with weathered surfaces. The 
assemblage for 09DSF-1A includes quartz, plagioclase, garnet, paragonite, phengite, magnetite, 
hematite, and less abundant chlorite, epidote, rutile, and zircon; the latter three only occurring as 
inclusions in garnet. 
 
3.5 Analytical Methods 
3.5.1 Microsampling and preparation for garnet geochronology 
 The two adjacent large garnets from sample 09DSF-1A were selected for geochronologic 
analysis with a number of matrix samples taken from variable distances in the hand sample. The 
method by which the chemically contoured microsampling was done is outlined in Pollington & 
Baxter (2011). In order to properly isolate the central section of the larger garnet (gt1), 
determination of the morphologic center was necessary. A 10x9x5cm subvolume (including both 
large garnets) was sent for high resolution X-ray computed tomography at The University of 
Texas at Austin, Department of Geological Sciences. Sixty 1-mm slices were taken, and the 
largest diameter of the garnet was extracted from one of a series of grayscale images, in which 
brightness roughly correlates to density (Figure 3.3). A roughly 2-mm thick wafer was cut such 
that the geometric center of the larger garnet (gt1) was the top of the wafer. The geometric center 
of the smaller garnet (gt2) was just missed, off by roughly 1mm.  
 The major divalent cation (Fe, Mg, Ca, and Mn) concentrations were measured on the 
polished wafer and were then used to create chemical contour maps (Figure 3.4). Using a grid 
spacing of 500 μm, 4425 points were analyzed, of which 2045 were used to create the contour 
maps, accounting for the deletion of analyses of inclusions and low oxide totals. The analyses 
used to create the chemical contour maps were performed using the JEOL Superprobe 8200 at the 
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Massachusetts Institute of Technology, Department of Earth and Planetary Sciences. The 
analyses were carried out at an accelerating voltage of 15 kV, a probe current of 150 nA, and 
counting times of 5s for each of the four divalent cations.  
 Determination of the discrete zones to be microsampled specifically employed the 
chemical map of MnO wt%, as determined by the electron microprobe analysis. As seen from the 
contour map and the more detailed chemical traverse (Figures 3.4 and 3.5, respectively), MnO 
displays a smooth, continuous profile with a somewhat concentric pattern. The contour map of 
MnO wt% highlights two crystal growth characteristics that would have been undetectable 
without the analysis: that the “cores” of the garnets are not in their geometric centers, and that 
garnet growth continued after the two garnets grew into each other. Therefore, care was taken in 
order to define the zones to be sampled, basing the placement of each zone on attempting to 
extract roughly equivalent volumes of sample, expected loss during physical and chemical sample 
preparation, and expected concentration of Nd in the garnet (see later discussion of partial 
dissolution experiments).  
 Ten, and nine, discrete zones were defined, for gt1 and gt2, respectively, with zones 1-6 
of both garnets roughly concentric around the chemical “core” of the garnet, and the remaining 
zones (7-10 for gt1 and 7-9 for gt2) taking on a “horseshoe” shape around the part of the garnet 
not impinging upon the other garnet. The garnets were microdrilled by the New Wave MicroMill 
drilling apparatus at Boston University. The wafers were mounted onto a graphite block where 
the trenches were drilled in order to isolate the ten (and nine) growth zones of garnet as well as 
isolating the rim of the garnet (zone 10 from gt1 and zone 9 from gt2) from the surrounding 
matrix. These zones were individually collected, hand crushed with a tungsten carbide percussion 
mortar and sieved to a size between 63 and 106 μm. In addition, the samples were magnetically 
separated using a Frantz separator and handpicked in order to remove inclusions and visibly 
60 
 
inclusion-rich garnet fragments. In addition to isolating garnet fragments from each zone, the 
finely powdered pan residues (< 63 μm) from the sieving process were analyzed separately from 
the coarser 63-106 μm fraction, with no added chemical treatment.  
 Other inclusion phases in the garnet (other silicates such as epidote and more refractory 
phases like rutile) were preferentially removed using a partial dissolution technique. Many 
approaches have been taken to remove adverse inclusions from garnet for geochronologic 
application (Amato et al., 1999; Scherer et al., 2000; Baxter et al., 2002; Thoni, 2002; 
Anczkiewicz & Thirwall, 2003; Pollington & Baxter, 2011). This technique, modified after 
Dragovic et al. (2012), was performed on the 63-106 μm fraction. The garnet separates were kept 
in closed Telfon® beakers in 1:2 concentrated hydrofluoric acid:1.5N hydrochloric acid for 15 
min at 120ºC, then in an open beaker in 2:1 concentrated perchloric acid:1.5N hydrochloric acid 
overnight at 170ºC, and finally closed in 7N nitric acid for 3h at 120ºC. It is important to note that 
many partial dissolution experiments were performed, with varying order of acid treatment, 
strength of acids, temperatures, and durations in hydrofluoric acid, on a bulk garnet separate from 
another bulk garnet separate in the sample. This was completed in order to find the most 
favorable combination of both limited sample loss and increased purity of mineral separate 
(garnet with high Sm/Nd ratio leading to increased age accuracy and precision). After this initial 
experimentation on dissolution techniques, the optimal procedure was used for the microdrilled, 
concentric zones. Subsequently, complete dissolution of the cleansed separates, pan residues, and 
matrices involved concentrated hydrofluoric acid, 1.5N hydrochloric acid, and concentrated nitric 
acid. 
 All samples (cleansed separates, pan residues, and matrices) were treated with a mixed 
147Sm-144Nd spike prior to loading through a three-stage column chromatography procedure 
(Harvey and Baxter, 2009). The first stage of the chemistry procedure involves passing the 
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samples through a cation exchange resin in order to the remove iron from the sample, which 
otherwise would overwhelm the TRU-spec column while also inhibiting ionization of the sample 
during analysis. Next, isolating the rare earth elements is accomplished through a TRU-spec 
column. Finally, a 2-methyl lactic acid column chemistry procedure is used in order to separate 
both Sm and Nd in the sample. Three column blanks with in-house, distilled 2-methyl lactic acid 
run alongside all of the samples ranged from 1-2 pg of Sm and 4-6 pg of Nd, leading to high 
sample to blank ratios, appropriate for high precision analysis at such low sample sizes.  
 The samples were then analyzed at the Boston University TIMS (thermal ionization mass 
spectrometer) facility using a Thermo-Finnigan TRITON. Column separates of neodymium were 
loaded with 2 μl of H3PO4 and Ta2O5 activator slurry and were collected as NdO+ in static mode 
with amplifier rotation. These methods are further described in the text of Harvey and Baxter 
(2009). Over the span of this study, in-house Nd standard solution of Ames metal yielded a mean 
of 143Nd/144Nd = 0.5121313 ± 0.0000078 (15.2 ppm, 2 RSD, n = 62). The reproducibility in 
147Sm/144Nd is better than 0.023% based on repeat analyses of a mixed gravimetric normal 
solution with our calibrated in-house spike. The isotopic data collected in this study, including 
garnet separates, associated pan residues, and matrices are provided in Table 3.1. 
 
3.5.2 Whole rock chemistry determination 
 Due to the very large nature of the garnet(s) in the sample, a representative whole rock 
sample could not be sampled for chemical analysis (without using the garnets of interest for this 
study). Instead, a large sample of the matrix (completely excluding garnet) was used for bulk rock 
chemical analysis. Weathered edges were removed from the sample, and the matrix was then 
powdered with a SPEX shatterbox using a tungsten carbide ring mill. The sample was then placed 
in a crucible and heated in a furnace at 1000ºC for 1 hour for determination of loss on ignition 
(LOI). Part of the sample was subsequently taken and mixed with lithium tetraborate, placed in a 
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graphite crucible, and heated in a furnace at 1000ºC for 1 hour. Major element chemistry of the 
matrix sample was run using the Thermo-ARL automated X-ray fluorescence spectrometer 
(XRF) at Washington State University, School of Earth and Environmental Sciences. Matrix trace 
element chemistry was run on an Agilent inductively coupled plasmometer mass spectrometer 
(ICP-MS) at Washington State University. Matrix major and trace element chemistry of the 
matrix is given in Table 3.2. 
 In order to constrain the contribution of the garnet to the whole rock chemistry, a single 
garnet (roughly 3 cm in diameter) from another part of the sample was wholly powdered in an 
alumina ball mill (careful to remove any signs of matrix attached to the rim of the garnet), and 
sieved through 100μm-mesh sieve. Part of the sample was then taken and mixed with lithium 
tetraborate, placed in a graphite crucible, and heated in a furnace at 900°C for 15 minutes. Major 
element chemistry of the whole garnet sample was run using a Jobin-Yvon Ultima-C inductively 
coupled plasmometer emission spectrometer (ICP-ES) at Boston University, Department of Earth 
and Environment. Major element chemistry of the whole garnet is also given in Table 3.2. 
 
3.5.3 Mineral chemistry  
 In addition to a coarser grid analysis performed in order to create the garnet chemical 
contour maps, a finer spaced traverse of the larger garnet (gt1) was completed at 250 μm spacing 
on the same wafer used for Microdrilling (Figure 3.5). This analysis was also completed using the 
JEOL Superprobe 8200 at MIT. Here, the electron microprobe was run at a 10 nA beam current 
with a 15 kV accelerating voltage. The spot size was 1μm. Microprobe spot analyses on both 
inclusion and matrix phases in 09DSF-1A were performed using a JEOL Superprobe 8200 at the 
Institute for Geochemistry and Petrology, ETH Zurich. Spot analyses were performed using 
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identical run conditions; however the spot size used was 10 μm. Representative major element 
data for all inclusion and matrix phases are given in Table 3.3.  
 
3.6 Data 
3.6.1 Petrography and mineral chemistry 
 The garnets are heavily included (> 40%), consisting of quartz, clinozoisite/epidote, 
phengite, paragonite, albite, magnetite, rutile, and trace zircon (Figure 3.6a). Clinozoisite/epidote 
and phengite appear ubiquitously adjacent to each other throughout the core of the garnet, 
presumed to occur in Sifnos as a pseudomorph after lawsonite (Okrusch et al., 1978; Schmadicke 
and Will, 2003). In addition, symplectitic needles and globules coexist in proximity to 
clinozoisite/epidote and phengite populations closer to the garnet mantle. These needles comprise 
a significant portion of the inclusion population in the garnet, and are often observed in locally 
preferred orientations, though no garnet preferred orientation is observed. While the garnet and its 
inclusions denote a more high pressure assemblage, the matrix shows a retrograde metamorphic 
overprint which we interpret to be associated with late fluid influx. This overprint manifests itself 
with: garnet rims (outer 2-3 mm) that are partly chloritized, a matrix adjacent to the garnet rims 
consisting of coarse-grained quartz, phengite, and paragonite, veined quartz layers penetrating 
through the outer edge of the garnet and parallel to the compositional banding in the matrix, and 
the seemingly complete absence of high pressure phases throughout the matrix. 
 Few porphyroblasts of garnet exist in the rock, but these grains are very large, ranging 
from 2-5 cm in diameter. An electron microprobe traverse (method discussed above) shows that 
garnets preserve compositional zonation (Figure 3.5). Garnet is almandine and grossular rich with 
an average composition of Alm73Gr21Py02Sps4. Garnet is zoned with XMn decreasing from core to 
rim, with a slight spike in spessartine content near the “outer mantle/inner rim” of the grain. 
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While the XMn profile that the center of the garnet was not analyzed by the microprobe traverse, 
however, it is evident that the relatively smoothly decreasing spessartine content is indicative of 
prograde, growth zoning, though the true spessartine content of the core is likely higher. Overall, 
the XMn decreases from 0.06 in the core of the garnet to 0.03 in the rim. Note that XMn does not 
drop to zero. XMg increases slightly from core to rim (XMg = 0.017 to 0.025). XCa increases from 
the core to the “outer mantle/inner rim” of the garnet (XCa = 0.186 to 0.244), but then decreases 
towards a rim value of XCa = 0.202. This compositional change is also observed in the almandine 
content, with XFe decreasing from 0.746 to 0.702, then increasing sharply to 0.751 at the rim of 
garnet. This compositional change near the rim of garnet growth and the observation that the 
spessartine content of the garnet does not drop to zero will be discussed later.  
 Clinozoisite/epidote occurs uniquely as an inclusion phase in garnet as pseudomorphs 
with paragonite and quartz (after lawsonite), forming grains up to 400 μm in diameter (Figure 
3.6b). Composition is defined by a range in chemistry from the core to the rim of the garnet. 
Grains in the core of the garnet (Ep I) are predominantly more Al-rich (Zo53-64), although many 
grains display a more Fe3+-rich, epidote overgrowth. Zoisite occurrences towards the rim of 
garnet growth (Ep II) are more clearly epidotic optically and chemically (Zo27) (Table 3.3).  
 Paragonite exists both as inclusions in garnet (Pg I) and in the matrix just surrounding the 
garnet porphyroblasts (Pg II). Most of the paragonite grains in included in garnet exist as part of 
the previously described aggregates with clinozoisite/epidote and as pseudomorphs.  Most 
notably are the large grains (several hundred microns in size) of paragonite that exist in the 
coarser-grained matrix adjacent to the garnet rim, or in the more medium to finer-grained matrix 
slightly farther from the rim. Paragonite inclusions in garnet (Pg I) have a ferric iron component, 
while paragonite just outside the garnet (Pg II) is absent of a ferric iron component. Else, all 
grains are fairly homogeneous and contain very little K and Ca (Table 3.3). 
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 Phengite, like paragonite, exists both as inclusions in the garnet core (Ph I) and as larger 
grains in the matrix adjacent to the garnet rim (Ph II). Phengite inclusions occur as aggregates 
with zoisite and paragonite. As with paragonite, Phengite inclusions in garnet (Ph I) have a ferric 
iron component, while phengite just outside the garnet (Ph II) is absent of a ferric iron component 
(Table 3.3). XMg values for phengite range from 0.05 to 0.38. Si content in the phengite inclusions 
range from 3.19 to 3.46 a.p.f.u. (based on 11 oxygens). These lower celadonite contents may 
suggest that phengite in this sample may not be part of the high pressure assemblage, but instead 
part of a pseudomorph after either lawsonite or omphacite. In some grains phengite is observed to 
be altered to biotite. 
 Chlorite is pervasive, occurring mainly in fractures, in the outermost part of the garnet 
rim (roughly 2-5 mm into the garnet). In addition, some chlorite occurs as an alteration product of 
biotite in the coarse-grained matrix directly around the garnet rim. Compositionally, grains can be 
characterized as high Fe3+, low Al, Mg-Fe chlorites.  
 Rutile is found as both inclusions in garnet and in the more prevalent, finer-grained 
matrix 2-3 cm from the garnet rim. Rutile has a grain size of 100-200 μm (inclusion in garnet) or 
10s of μm (fine-grained matrix). Rutile is observed to be the primary Ti-bearing phase in the 
rock.  
 The remainder of the coarser-grained matrix surrounding the garnet contains smaller 
biotite grains (some altering the chlorite, large sodic-calcic and calcic amphibole grains (hundreds 
of microns in size), and abundant granoblastic quartz. In the finer-grained matrix (2-3 cm from 
the garnet), the mineralogy is dominated by abundant quartz and magnetite, with smaller amounts 
of plagioclase and rutile. The matrix away from the garnet (a majority of the sample) is 
comprised mainly of quartz and plagioclase (~90% of the matrix) with lesser amounts of 
magnetite, hematite, and phengite. Compositional banding in the matrix exists of coarser grained 
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quartz bands alternating with finer grained matrix consisting of quartz, plagioclase, magnetite, 
hematite, and phengite. 
 
3.6.2 Bulk rock chemistry 
 As discussed earlier, the very large size of the porphyroblasts made analyzing “whole 
rock” chemistry impossible, and as a result, the major, trace, and rare earth chemistries of the 
matrix were analyzed. The results of the analysis, in addition to the modeled bulk rock 
composition (volumetrically-averaged garnet composition, at an appropriate modal abundance of 
9%, and whole garnet ICP-ES analysis, added to matrix analysis) can be seen on Table 3.2. The 
matrix of sample 09DSF-1A has an elevated SiO2 content (81.5%), along with an elevated Na2O 
content (5.14%) and low FeO and CaO contents (2.6% and 0.14%, respectively). Expressing the 
modeled chemistry (using the whole garnet ICP-ES analysis) as the bulk rock chemistry, the SiO2 
content and Na2O contents are still high (78.4% and 4.74%), with low MgO, FeO, CaO, and K2O 
contents. Trace and rare earth element concentrations were analyzed on the matrix, and, along 
with the modeled major element chemistry, are similar to the chemistry of the quartz-jadeite 
gneisses described from Sifnos in Mocek (2001). However, the SiO2 content analyzed in our 
sample is higher than any of the quartz-jadeite gneisses described by Mocek (2001), along with 
lower amounts of MgO, CaO, and K2O.  
 
3.6.3 Geochronology 
 Ten growth zones from the larger garnet (gt1), nine zones from the smaller garnet (gt2), 
their associated pan residues, a traverse of matrices away from the garnet, and larger 
representative matrices were analyzed for isotopic ratios. In addition, concentrations of Sm and 
Nd were analyzed (Table 3.1). With the exception of zone 10 for the larger garnet and zone 2 for 
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the smaller garnet, all zones consisted of very low Nd concentrations, ranging from 0.02 to 0.12 
ppm. Due to the very high inclusion population of the garnets and the aggressive nature of the 
partial dissolution technique, sample loss during the preparation process is high, ranging from 78 
to 90%. As a result, the amount of Nd analyzed was quite small in some cleansed garnet zones (as 
low as 1.7 ng). As can be seen in Table 3.1, 147Sm/144Nd isotopic values range from 2.06 to 9.82 
(with the exception of zone 10 of gt1 being 0.96, and zone 2 of gt2 being 0.44), indicating that the 
sample preparation techniques discussed above were successful in eliminating contamination by 
the rich inclusion population. Indeed, these 147Sm/144Nd isotopic values are among the highest 
reported for garnet. Any variation in the Sm and Nd concentration and 147Sm/144Nd value between 
all of the cleansed, garnet zones may be attributed to several different reasons: the ability to 
effectively cleanse the zones of inclusions, the variability in the inclusion population throughout 
the garnet, the inherent chemistry of the garnet (rare earth element zonation), or the effect of 
potential late stage rare earth element mobility within the garnet. While the 147Sm/144Nd of zone 
10 of the larger garnet is still high (0.96), the Nd concentration is very high relative to the other 
garnet zones (0.55 ppm). Also, zone 2 of gt2 had a low 147Sm/144Nd (0.44), with the Nd 
concentration high relative to other zones (1.38 ppm). Incorporation of matrix material, 
ineffective inclusion removal, or late stage rare earth element influx (for gt1 zone 10 only) may 
be a cause of the increased Nd concentration in this growth zone.  
 As described earlier, several matrix samples were analyzed from sample 09DSF-1A. Two 
of the four larger, more representative matrices are shown to be identical within analytical error 
(Table 3.1). The difference in the 147Sm/144Nd may be attributed to small mineralogical 
differences in the matrices used.  
 The matrix traverse (six samples in 0.5 cm increments) from the garnet and the two 
smaller matrices adjacent to both garnets yielded isotopic data unlike that observed previously 
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(Table 3.1). Both the adjacent matrices (designated “top matrix” and “bottom matrix”) have 
relatively low Sm and Nd concentrations and higher isotopic ratios (compared to the larger 
matrices). The matrix traverses also have similar isotopic ratios to the smaller adjacent matrices, 
with matrix “1d” significantly different ([Nd] = 9.1 ppm, 147Sm/144Nd = 0.23). One important 
observation is highly elevated 143Nd/144Nd of the matrix sample “1a” located directly adjacent to 
the garnet. The 143Nd/144Nd value of the other matrices in the traverse vary mildly (ranging from 
0.5128877 to 0.5129379), while the 143Nd/144Nd value for matrix sample “1a” is 0.5143776 (2σ = 
14.6 ppm). The isotopic values, both the 143Nd/144Nd and the 147Sm/143Nd, of the above described 
matrices close to the garnet rim are not indicative of natural, undisturbed rock ratios, and signify 
that these samples should not be used in an isochron. Rather, the four larger matrices (matrix1, 
matrix2, matrix3, matrix4; Table 3.1), sampled away from the garnet, are more representative of 
the matrix in isotopic equilibrium with the garnet during growth. 
 The previously mentioned pan residues from the crush/sieve process of sample 
preparation were also analyzed. Unlike the garnet zones, many of these powders went 
intentionally untreated. As a result, these samples would incorporate both the drilled garnet zone 
and its inclusion population, and if the inclusions were in isotopic equilibrium with the garnet 
during grain growth (and have not been significantly altered since crystallization), then each pan 
residue should fit on an isochron with the associated cleansed garnet and matrices. However, 
most of the untreated pan residues fall significantly off of each of the garnet growth zones’ 
garnet-matrix isochron. This suggests that contamination from a component of these zones’ 
respective inclusion populations (rutile, quartz, epidote, zircon) were not in age equilibrium with 
the garnet-matrix. In addition to analyzing the untreated pan residues for each of the garnet zones, 
two of the pan residues from gt1 (zones 1 and 7) and all of the pan residues from gt2 (zones 1 to 
9) underwent a partial dissolution step in order to attempt to remove some of the inclusions that 
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incorporated age inheritance, so as to bring the pan residue closer, if not directly on, the multi-
point isochron. No effect of removing adverse inclusions was observed for zone 7; however, for 
the pan residues of zone 1 of gt1 and zone 2 of gt2, a cleansing step that entailed 3h in 7N nitric 
acid was able to remove adverse inclusions enough to place the points on garnet-matrix isochron. 
The 7N nitric acid step was implemented in order to specifically remove oxides and phosphates 
from the pan residues. As for any silicates remaining in the pan residues, a partial dissolution 
procedure involving HF could not be implemented,as this would create an abundance of 
secondary fluorides that would be difficult to remove. As a result, the presence of silicate 
inclusions was addressed, though it is likely that any silicate inclusions (quartz, epidote) were in 
isotopic equilibrium with the garnet during growth. For these pan residues, both the age precision 
and the MSWD were decreased, showing the effectiveness of this technique with zones close to 
the garnet core. 
 
3.6.4 Garnet growth ages 
 As has been detailed, combinations of cleansed garnets from two different garnets, pan 
residues (treated or untreated), and four matrices (matrix 1, matrix 2, matrix 3, and matrix 4; 
Table 3.1) were used to create 19 multi-point isochron ages (ranging from 5 to 6 points); ten ages 
from gt1 and nine ages from gt2. These multi-point isochron ages are shown in Table 3.4 and 
Figure 3.7.  
 A preliminary look at the age data finds that, for both garnets, zone 1 is significantly 
older than the remaining zones, with initiation of growth at 52.60 ± 3.30 Ma and 54.60 ± 3.90 
Ma, for gt1 and gt2, respectively. The cores of both garnets, if put on the same isochron, are 
shown to be concordant in age, at 53.4 ± 2.6 Ma (MSWD = 1.3), placing a further constraint on 
the timing of the initiation of garnet growth. The ages for zones 2 and 3 for both garnets are then 
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significantly younger, at 47.40 ± 0.47 Ma and 47.24 ± 0.20 Ma (gt1), and 47.90 ± 4.60 and 47.32 
± 0.27 Ma (gt2). Note the poor age precision for zone 2 of gt2. This is a result of the low 
147Sm/144Nd ratio of the garnet, presumably due to inadequate cleansing during the partial 
dissolution procedure. Still significantly younger are the remainder of the ages for both garnets. 
For gt1, the ages of zones 4 through 9 are roughly similar, with ages of zone 4 in both garnets 
(45.98 ± 0.21 Ma and 44.89 ± 0.50 Ma) nearly statistically within error (2σ) of zone 9 in both 
garnets (45.49 ± 0.19 Ma and 45.16 ± 0.34 Ma). Note that zones 6, 8, and 10 from gt1 are 
significantly older, and zone 7 from gt2 significantly younger. As discussed earlier, zones 6 and 8 
for gt1 spent a considerable amount more time on the hot plate than the rest of the garnet 
separates, and thus, it is believed that some zircon inclusions were partially dissolved, pulling the 
zones towards older inherited ages. As also stated earlier, zone 10 of gt1 encompassed the heavily 
chloritized rim of gt1, and as can be observed in Table 1, the 147Sm/144Nd of both the garnet 
separate and the pan residue were low (0.962 and 0.192, respectively). We interpret this isochron 
age to be a result of retrogression due to late stage fluid flux that affected the both the mineralogy 
of the garnet rim and the surrounding matrix, but also the isotopic values of each. As a result, we 
have suitable reason to reject zones 6, 8, and 10 from gt1. It is important to note that without 
sufficiently high 147Sm/144Nd (from adequate cleansing), age precisions would not have been 
small enough to have indicated that zones 6 and 8 were indeed older than would be if the ages 
were ordered monotonically.  
 It is unclear as to why zone 7 of gt2 is younger (44.40 ± 0.28 Ma) than the next zone 8 
(45.16 ± 0.34 Ma). This may be attributed to the difficulties in assessing which matrix the 
particular garnet zone was in isotopic equilibrium with during its growth. It may be the case that 
during the time at which zone 7 grew, the garnet was in isotopic disequilibrium with the matrix 
because the phases from which it grew had varying initial Nd, due to the existence of syn-
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metamorphic compositional banding of the matrix from which the garnet had grown (Romer and 
Xiao, 2005; Pollington and Baxter, 2010), however this seems unlikely. In general, felsic mineral 
assemblages would yield little variability in initial Nd isotopic concentrations (Thoni, 2002), and 
presumably less variability during short intervals of garnet growth. In addition, the timescales for 
any local disequilibrium to have evolved are far longer than the timescales over which the garnet 
grew (Pollington and Baxter, 2011).  
 If the microdrilled zones from both garnets are chemically similar and concordant, then 
combining the same zones from each of the two garnets (along with pan residues) and four 
matrices will yield an age population as well (Table 3.4). Note that in most cases, both garnet 
zones can be combined to yield a singular age, however, this is not the case for zones 4, 6, and 8, 
where the MSWD is considered too high (4.3, 9.4, and 6.9) to be a true isochron (Wendt and Carl, 
1990). As also described above, any differences in ages between the garnets may be attributed to 
localized (matrix) mineralogical (or mineral isotopic) heterogeneity.  
 
3.6.5 Growth spans of gt1 and gt2 
 The difference in age between the core and rim multi-point isochron ages for gt1 and gt2 
is 7.1 ± 3.3 Ma and 7.2 ± 5.2 Ma (2σ), respectively. Using the combined (both garnets) multi-
point isochron ages, the duration of garnet growth 7.9 ± 2.5 Ma (2σ). However, the most 
noteworthy aspect of the geochronologic results presented here are the multiple stages of garnet 
growth. A majority of the duration of garnet growth occurs between the growth of zone 1 and that 
of zone 2 (Figure 3.7). This can either be interpreted as a) short-lived growth of the garnet core, 
followed by a period of relative quiescence in growth, followed then by growth of zones 2 and 3, 
or b) a period of sustained slow growth of the core followed by accelerated growth of zones 2 and 
3. This difference will be discussed later in conjunction with equilibrium predictions of garnet 
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growth on Sifnos. Similar to the of treatment ages in the core between gt1 and gt2, zones 2 and 3 
from both garnets are also concordant in age (Table 3.4 and Figure 3.7). An 8-point isochron age, 
including four garnet separates (zone 2 and 3 from both gt1 and gt2) and four matrices, gives 
47.28 ± 0.16 Ma (MSWD = 0.94) for the average age of garnet growth for zones 2 and 3. As 
discussed above, the ages associated with zones 4 through 9 are nearly statistically 
insignificantly, indeed, here a 14-point isochron age, consisting of zones 4, 5, 7, and 9 from gt1, 
zones 4- 9 from gt2, and four matrices  gives 45.18 ± 0.45 Ma (MSWD = 8.9). This confirms that 
during the latter stages, garnet growth was very brief. The difference in ages between zones 4 and 
9 in gt1 and gt2 are 0.49 ± 0.28 Ma and -0.60 ± 0.71 Ma (2σ), respectively. Propagating the 2σ 
errors provides a maximum duration of garnet growth of 0.77 Myr (gt1) and 0.11 Myr (gt2). It 
should be noted that instantaneous growth is allowable within our uncertainties for this amount of 
garnet in gt2. Overall, the total duration of garnet growth for sample 09DSF-1A extends for 7.9 ± 
2.5 Ma, however this duration is demarcated by three distinct periods; initiation of garnet growth 
followed either by slow or no growth, a brief pulse of growth at 47.28 ± 0.16 Ma followed by 
slow or no growth, and a brief period of growth at 45.18 ± 0.45 Ma, with this final period of 
growth lasting no more than 0.77 Myr for gt1 and 0.11 Myr for gt2.  
 
3.6.6 Accelerated volumetric garnet growth  
  Combining garnet growth durations from differential geochronology with 
observed spatial sampling of the zones, we can calculate volumetric growth rates, or changes in 
these rates for sample 09DSF-1A. By measuring the radial distances from the core of the garnets 
to the inner and outer extent of each of the zones, radial growth rates can be calculated. Since the 
chemical core of each garnet is not in the morphologic center, an average of the radial distance of 
the zone from four axes was calculated, where permitted (zones 7, 8, 9, and 10 for gt1 and zones 
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7, 8, and 9 from gt2 do not grow concentrically from the morphologic center but rather in a 
“horseshoe” shape; Figure 3.4). In order to calculate average volumetric growth rates of the 
individual garnet zones, a spherical geometry is assumed for ease of calculation; however, as 
stated earlier, the garnets are flattened in one axis. 
 Expressing the age data as a function of volume elucidates the nature of multi-stage 
garnet growth within the sample. Figure 3.8 shows that the minimum volumetric growth rate of 
garnet between zones 1 and 2 of 0.38 ± 0.30 cm3/Ma (gt1) and 0.048 ± 0.047 cm3/Ma (gt2). This 
is calculated as a minimum value for garnet growth because, as written earlier, the 
geochronologic data cannot distinguish between faster initial growth with a period of slow to no 
growth, and continuous slow growth from zones 1 to 2.  
 Subsequently, the growth rate increases between zones 2 and 3, for both garnets, to 16.01 
± 51.64 cm3/Ma (gt1) and 1.49 ± 11.84 cm3/Ma (gt2). As was shown earlier, zones 2 and 3 for 
both garnets are concordant in age, further suggesting that garnet growth was very brief at this 
time. Between zones 3 and 4, volumetric garnet growth slows to 3.11 ± 1.57 cm3/Ma (gt1) and 
0.74 ± 0.36 cm3/Ma (gt2).  
 Finally, garnet growth during the period at which zone 4 to zone 9 were growing was 
very rapid, with calculated volumetric garnet growth rates of 91.74 ± 53.86 cm3/Ma (gt1) and -
58.55 ± 69.70 cm3/Ma (gt2). Zone 9 is older than zone 4 for gt2; therefore a negative volumetric 
growth rate is calculated. This is clearly impossible, considering the crystal growth geometry of 
garnet, however the ages overlap within error, providing also for very rapid (as high as infinitely 
rapid) growth. For gt2, if the volumetric garnet growth rate is calculated using zones 6 and 9 (as 
the absolute age of zone 6 is older than that of zone 9), then the volumetric growth rate is 111.67 
± 366.72 cm3/Ma.  
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 Note the difference in volumetric growth rates between gt1 and gt2. Throughout much of 
garnet growth metamorphism, gt1 is observed to have grown faster than gt2. This is clear since 
the ages of garnet growth are similar while gt1 is substantially (~75%) larger. The growth rate of 
a single garnet crystal can change as a result of fluctuations in the conditions of the bulk rock (P-
T-X), or more locally, fluctuations in the availability of reactant phases. Perhaps gt1 more 
effectively sequestered the chemistry needed for garnet growth from the surrounding matrix than 
did gt2. While this paper does not address the kinetics of garnet growth, the conditions open to 
growth of large adjacent porphyroblasts is of interest. 
 Combining the geochronologic data and the calculated volumetric growth rates of 
09DSF-1A from Sifnos reveals multi-stage garnet growth metamorphism. Early initiation of 
garnet growth, at 53.4 ± 2.6 Ma, is either rapid, followed by slow or no growth, or is continuously 
slow over a ~6 million period. Additional growth occurs, forming zones 2 and 3 of both garnets, 
at 47.28 ± 0.16 Ma (combined isochron age of zones 2 and 3 for both garnets).  This is followed 
by a period of slow (or no) growth until at 45.50 ± 0.13 Ma, an extremely rapid “pulse” of garnet 
growth occurs. Indeed, comparing calculated time-averaged garnet growth rates between zones 1-
4 and zones 4-9, the acceleration in garnet growth is greater than 2 orders of magnitude. 
Thermodynamic analysis of the garnet-forming reactions and P-T trajectories can help elucidate 
the causes and consequences of this acceleration in the net reaction rate.   
 
3.7 Thermodynamic Analysis 
 In order to best constrain the pressures and temperatures at which these spans of garnet 
growth occurred, we compare the observed mineral assemblages, mineral modes, and the garnet 
chemistry with those predicted from thermodynamic analysis. The conventional methods by 
which to determine the pressures and temperatures of metamorphism involve the use of 
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isochemical diagrams; drawing conclusions about the entire span of metamorphism using a single 
fixed bulk composition. However, metamorphic rocks commonly contain chemically zoned 
garnets. Due to the transient nature of subduction zones and the relatively fast growth rates of 
garnet compared to the relatively slow rates of intergranular diffusion, the chemical composition 
of the matrix will become progressively depleted in elements forming the garnet porphyroblast, 
which will preserve chemical zoning in the garnet. Thus, chemical zoning fractionates the 
effective bulk chemical composition during prograde metamorphism (Marmo et al., 2002, 
Konrad-Schmolke et al., 2005). As a result, the chemical cores (and subsequent growth zones) 
may be isolated from evolving P-T-X conditions (i.e. retrograde reactions) as long as the grain 
size is larger than the scale of diffusion. Fractionation of the chemical cores of garnet also will 
not contribute to the effective equilibrium volume of the matrix and the rim of the garnet at the 
termination of garnet.  
 Dragovic et al. (2012) constructed two isochemical pseudosections; one using the whole 
rock chemistry to constrain the P-T of the initiation of garnet growth, and one using the matrix 
chemistry to constrain the conditions for the end of garnet growth. Comparing the garnet core and 
rim chemistries with compositional isopleths predicted from the two pseudosections, a P-T path 
for garnet growth was determined for a blueschist, also on Sifnos. Marmo et al. (2002) 
additionally constructed a series of pseudosections, progressively fractionating both garnet and 
water from the bulk composition in order to constrain a subduction P-T path for an eclogite from 
New Caledonia. More recently, studies have utilized thermodynamic forward modeling that 
considers both fractional crystallization and fluid fractionation, along a chosen P-T path, in order 
to more accurately predict the timing of mineral and the compositional zonation of mineral phases 
(Konrad-Schmolke et al., 2005, 2006, 2008a).  
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 In this study, we apply the method of thermodynamic forward modeling along a series of 
prescribed P-T paths in order to constrain the pressures and temperatures at various stages of 
garnet growth during subduction. Both garnet and fluid fractionation is taken into account, as 
these phases have great effects on the chemical composition of the effective rock volume (Marmo 
et al., 2002; Konrad-Schmolke et al., 2008a). Along the series of regularly spaced P-T intervals, 
the composition and modal abundance of all stable minerals is calculated, and the effective bulk 
composition of the matrix is recalculated, removing the components incorporated into garnet (and 
free fluid) at each P-T interval. The starting bulk composition of the model is calculated by using 
the chemistry and mode of garnet along with the analyzed chemistry of the matrix (see discussion 
below). The models were computed with the program Perple_X (Connolly, 2009), using the 
internally consistent dataset of Holland and Powell (1998). Full solution models (including the 
effect of ferric iron where appropriate) were used for the following phases: garnet (White et al., 
2005), omphacite (Green et al., 2005), white mica (Smye et al., 2010), Ca- and Na-amphibole 
(Dale et al., 2000), epidote (Holland and Powell, 1998), chlorite (Holland et al., 1998), chloritoid 
(Smye et al., 2010), feldspar, (Fuhrman and Lindsley, 1988), magnetite (Wood et al., 1991), and 
Fe-oxides (Andersen and Lindsley, 1988). All other phases were considered as pure. Water was 
calculated to be in excess.  
 
3.7.1 Determining the bulk rock composition 
 In the case of the sample 09DSF-1A, a representative bulk rock composition could not be 
determined due to the large grain size of the garnets in the sample. As described earlier, analyses 
of the major element chemistry of a single whole garnet and a separate, representative matrix 
were performed. Note the difference in the major element chemistry between the whole garnet 
analysis and a volumetrically averaged garnet traverse. The garnets in sample 09DSF-1A are 
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heavily (up to 50%) included, and these inclusions can have significant effects on the evolution of 
the bulk rock composition, specifically calcium availability from inclusions such as epidote (after 
lawsonite). Also, because of the nature of the hand sample collected, it is difficult to ascertain the 
modal abundance of garnet in the sample. Using image analysis of a photograph taken of the hand 
sample, it was determined that the maximum modal abundance of garnet in the sample was 
roughly 9%. Sensitivity analyses on the forward modeling of varying contributions from the 
garnet component to the bulk composition have yielded little difference in both the compositional 
zonation of the garnet and its modal abundance. Figure 3.9 shows the growth of garnet along a 
prescribed P-T interval for varying calculated bulk compositions (varying the contribution from 
garnet). In all simulations, the modal abundance of garnet added to the matrix composition is 
never replicated by the forward models; rather, much less than half the modal abundance is 
predicted. This can be attributed to the fact that 50% of the garnet is filled with inclusions. As the 
image analysis calculates 9% garnet by mode, an initial bulk rock composition using this garnet 
modal abundance was used for all forward models discussed further. 
 
3.7.2 P-T path dependencies  
 In addition to altering the initial effective bulk composition of the rock for forward 
modeling, a series of P-T paths were selected to determine which path best fit the observed 
compositional zonation in garnet. We provided one characteristic part of the selected path for four 
of the selected paths (paths 1-4), that it cross through the pressure and temperature assigned for 
core and rim of a garnet from the blueschist on Sifnos, as reported in Dragovic et al. (2012). The 
other four paths (paths 5-8) could not have crossed these points as this would appear 
geodynamically unfeasible.  As discussed earlier, the initiation of garnet growth in the blueschist 
was estimated to have occurred at a P-T of ~2.0 GPa and 460°C, with the termination of garnet 
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growth estimated to have occurred at a P-T of ~2.2 GPa and 560°C. This period of relatively 
isobaric heating was maintained in all P-T paths used. The P-T paths used all varied by the angle 
of the subduction geotherm during burial. This portion of the paths remained linear until the path 
reaches the P-T of the core of the garnet from Dragovic et al. (2012), continuing to a point in the 
isobaric heating stage of the path set forth by Groppo et al. (2009). The paths then reach the point 
at which the end of garnet growth occurs in Dragovic et al. (2012). Subsequently, the paths 
undergo isothermal decompression, as determined by Groppo et al. (2009). Figure 3.10 shows the 
projected P-T trajectories along which the evolution of the rock is modeled. All P-T paths are 
divided into 0.5°C increments.  
 Several factors vary both the compositional zonation and mode of garnet in the sample. 
The stability of garnet-forming reactants (as well as the stability of co-genetic minerals) will 
change based on the subduction geotherm used, allowing for different garnet-forming nutrients to 
be more or less available. Also, the conditions of water saturation are important in determining 
whether garnet grows. Depending on the angle of the subduction geotherm, effectively water-
undersaturated conditions may persist for some time, as phases that hold high amounts of water 
(i.e. chlorite or lawsonite) require rehydration, even water influx during subduction (Konrad-
Schmolke et al. 2006). These variations in the stable reaction assemblage and the conditions of 
water-saturation may also hinder the growth of garnet at periods along the projected P-T path, 
causing periods of slower to no garnet growth, and resulting in strong compositional gradients in 
the zonation pattern of the modeled garnet (Konrad-Schmolke et al. 2008a).  
 Varying the specific P-T path of 09DSF-1A is shown to affect both the compositional 
zonation of the garnet as well as the relative timing (along P-T space) of garnet growth. In 
addition, the presence, or absence, of certain co-genetic minerals depends on the P-T path used. 
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Forward models that did not produce lawsonite, for example, during subduction, were discarded, 
as pseudomorphs after lawsonite are present as inclusions in garnet. 
 
3.7.3 Garnet compositional zonation  
 Figure 3.11 shows a compilation of predicted garnet compositions from a selection of the 
modeled P-T paths. Modeled garnet compositions along P-T increments are converted to 
fractional radius based on the total modal abundance of garnet predicted. Also shown is the 
observed garnet compositional zonation as a function of fractional radius for comparison (Figure 
3.11d). Three differences can be observed between the predicted and observed compositional 
profiles: 1) the inability of the models to predict the chemistry of the core of garnet growth, 2) the 
presence of strong compositional gradients in all of the modeled garnet chemistries that is not 
observed in the analyzed garnet traverse, and 3) the slight difference in chemistry at the mantle 
and rim of garnet growth. Here we will discuss potential explanations for the deviation between 
modeled and observed garnet compositional zonation.  
 In all of the modeled garnet chemistries, initial garnet growth is spessartine-rich. While 
the spessartine content in the observed garnet compositional profile garnet is very low, it appears 
that in the models, early garnet growth has incorporated much of the Mn. Garnet is the important 
Mn-bearing mineral in metamorphic rocks. The presence of Mn in the bulk rock composition will 
greatly expand the stability of garnet to lower temperatures, especially at lower pressures like 
those inferred for subduction geotherms (Inui and Toriumi, 2004; Konrad-Schmolke et al., 
2008b). This is seen in all of the models, as early garnet growth occurs at very low pressures and 
temperatures, and is predicted to be spessartine-rich (varying from Xspss 0.60-0.85).  
 A possible explanation for the modeled spessartine-rich core is that the observed 
chemical traverse did not properly represent the chemistry of the core of the garnet (i.e. inability 
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to cut the central chemical plane of the garnet). Using the CT-Scan in determining the 
morphologic center of the garnet while missing the chemical center of the garnet is a possibility, 
however the modeled spessartine-rich core of garnet extends to a fractional radius of ~0.35 (in 
most models), making it unlikely that sectioning effects would have missed this chemical feature. 
Also, diffusional rehomogenization of the core may have “smeared” the spessartine-rich core. 
This is unlikely, as the rock is not believed to have endured temperatures high enough, for long 
enough, to have undergone diffusional relaxation to the extent that the large chemical core of the 
garnet is no longer spessartine-rich.  
 The thermodynamics of garnet growth at very low pressures and temperatures are poorly 
understood at the moment, providing difficulties in determining both the relative changes in 
garnet composition and exact P-T conditions of garnet growth (Caddick, pers. comm.). As all the 
modeled paths show this phenomenon and the observed garnet compositional zonation does not, 
it is believed that more work needs to be done to understand the thermodynamics of low P-T 
mineral growth (specifically garnet) in order to better constrain P-T conditions of garnet growth 
initiation. 
 Steep compositional gradients, as well as abrupt changes in garnet compositional 
zonation, are also observed in the forward models. This feature occurs throughout the early period 
of garnet growth (Figure 3.11), with abrupt and steep increases in almandine content and 
decreases in grossular content of the garnet. Konrad-Schmolke et al. (2005) show that variable 
availabilities of garnet-forming nutrients, such as manganese and calcium, due to disequilibrium 
incorporation of these elements into garnet, can cause such compositional gradients in garnet. 
Periods of low garnet growth (perhaps from sluggish nutrient transport) can result in steep 
compositional gradients, while abrupt compositional changes can occur as a result of either 
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decreasing garnet growth or complete interruption of garnet growth. Evidence for slow to no 
garnet growth in 09DSF-1A is also seen in Figure 3.8.  
 Our observations for the compositional zonation of garnet in 09DSF-1A show no 
evidence for a spessartine-rich core or steep or abrupt compositional gradients. While it is evident 
that the garnet did undergo at least two periods of slow to no growth, this is not observed in the 
chemical profile. As stated earlier, one possibility for the discrepancy is the limited 
thermodynamic data for garnet at low pressures and temperatures. Another includes the 
possibility that the forward models used for this study allow for increased incorporation of 
elements like manganese and calcium during early garnet growth, thus altering the availability of 
these elements (specifically manganese) for later, higher garnet production, stages of growth.  
 The later periods of garnet growth show smooth compositional gradients, more indicative 
of growth at higher pressures and higher production rates (Konrad-Schmolke et al. 2005). These 
smooth gradients are in line with the observed chemical profile (Figure 3.11d). This period of 
growth is also a stage of higher production of garnet, with higher volumetric garnet growth rates 
observed in the geochronological data (Figure 3.8). While the absolute compositional zonation of 
garnet is not properly modeled, the relative change in almandine (steadily decreasing), grossular 
and pyrope (steadily increasing) are shown in both the modeled zonation patterns and the 
observed chemical profile (Figure 3.11). Differences in the profiles between the modeled and 
observed patterns may also be attributed to the incorporation of manganese and calcium 
(especially manganese) into garnet during the early stages of the core growth, thereby changes the 
relative availability of the other nutrients. As noted earlier, a better understanding of the 
thermodynamics of garnet growth at lower pressures and temperatures will help elucidate the 
nature of element incorporation into garnet and thus provide better P-T constraints on 
metamorphism. One difference between the modeled and observed compositional zonation 
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profiles is the gradual increase in almandine, decrease in grossular, and “hump” of spessartine 
observed near the garnet rim. This feature may be a result of either diffusional relaxation, 
breakdown of a manganese-bearing mineral phase, or a result of late stage retrogressive 
metamorphism. As we observed the rim of garnet to be heavily chloritized, this may the cause of 
the observed deviation between modeled and observed composition near the garnet rim. 
 
3.7.4 Garnet growth along P-T space 
  Figure 3.12a shows the modal abundance of garnet along prescribed P-T progress, using 
model runs that predicted both reasonable garnet compositional zonation and reasonable co-
genetic mineral assemblages. There are common characteristics to be observed in all the models, 
regardless of the geotherm selected. First, an initial “pulse” of garnet growth is predicted at very 
low temperature for many of the forward models, ranging from 262°C to 273°C. This initiation of 
growth is entirely temperature dependent, as the pressure at the initiation of garnet growth varies 
depending on the subduction path used, with pressures ranging from 0.7GPa to 1.5GPa. Another 
characteristic occurrence for these models is the high degree of garnet production during the 
period of relatively isobaric heating, with the start of this pulse of growth at ~2.1GPa, ranging in 
temperature from 488°C to 495°C. The observation that this “pulse” of garnet growth is common 
to all paths is not surprising, as all the paths converge to heat isobarically at relatively similar 
pressures and temperatures, as seen in Figure 3.10.  
 In addition, the final modal abundance of garnet in all the modeled paths is similar, 
ranging from 4.51-4.65 vol%. This is roughly in line with a rock containing 9% modal abundance 
of garnet, where 50% of the garnet is filled with inclusions. This observation is encouraging, in 
that the “calculated” bulk rock composition of 9% garnet-91% matrix yields an appropriate mode 
for the peak assemblage.  
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 As these P-T paths are similar at higher pressures and temperatures, but differ greatly at 
lower pressures and temperatures, it is another subtle difference that distinguishes the P-T paths. 
Figure 3.12b shows the garnet growth pattern of the modeled paths at lower P-T. These plots can 
be compared to a plot of observed modal abundance over time. As noted earlier, the actual modal 
abundance of garnet in the sample is unknown; however, taking the extent of volumetric growth 
of garnet to be 9%, relative volume (modal abundance) can be calculated (Figure 3.12b). The 
modal abundance values (and the corresponding volumetric growth of garnet discussed earlier) 
are calculated based on the assumption of a spherical geometry. Figure 3.12b shows an initiation 
of garnet growth (zone 1) for gt1 and gt2 producing 0.05 and 0.01 vol% garnet, respectively. A 
second pulse of garnet growth occurs later (zones 2 and 3), forming 0.55 and 0.23 vol.% garnet. 
Finally, a final period of high garnet growth produces the remaining garnet up to 9 vol.%.  
 The occurrence of two, smaller pulses of garnet growth during the burial stage of the P-T 
path is only observed in path 3, which predicts two distinct pulses of growth (Figure 3.12a. The 
first pulse occurs at 0.76 GPa and 286°C, forming 0.21 vol.% garnet. This is followed by a period 
of no growth until 1.56 GPa and 402°C, where slow growth of garnet lasts until 1.83 GPa and 
440°C, forming an additional 0.32 vol.%, increasing the amount of garnet grown at this point to 
0.53 vol.%. While all other modeled P-T paths predict the initiation of garnet growth at roughly 
the same pressures and temperatures as that of path 3, these models only predict one pulse, rather 
than two, as observed in the geochronology and as predicted by the forward model through path 
3. One difference in the modeled path y compared to the observed data is the amount of garnet 
grown at initiation, with the model predicting 0.21 vol.% and the observed mode of garnet being 
0.01-0.05 vol.%. The difficulty in modeling garnet growth at lower temperatures and pressures 
provides a source of significant error in the predictions. In addition, the calculation of the relative 
mode of garnet using the dimensions of the microdrilled zones is a source of error, as well. The 
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chemical cores of the garnets are not in the morphologic cores, providing error on the radial 
dimensions of each growth zone. Also, the assumption of a spherical geometry will cause 
significant error as the garnets did not grow concentrically from their cores, rather having 
impinged on each other during growth (Figure 3.4), and having been subsequently flattened 
slightly by later stage deformation.  
 Finally, path 3 predicts the observed modal abundances of phases as determined by point 
count. After conditions of peak metamorphism, the rock is isothermally decompressed to below 
1.0 GPa. The modal abundances of the phases in the matrix predicted at this stage are in line with 
those observed in thin section.  This includes ~90% quartz and plagioclase, with lesser amounts 
of magnetite, hematite, white mica, rutile (in garnet), and epidote (in garnet, after lawsonite). This 
suggests that the rock underwent retrogressive metamorphism to significantly alter the 
mineralogy of the matrix. This observation is also seen as the garnet rims are heavily chloritized 
(even affecting the age of the rim in gt1).  
 In all models, the majority of garnet growth (and dehydration) occurs at similar P-T, and 
thus these models do not differ significantly for the purpose of discussing the nature of garnet 
growth (or lack thereof) and dehydration during subduction zone metamorphism. For simplicity, 
we use the forward model through the P-T path 3, as it predicts two distinct early periods of 
garnet growth. 
 
3.8 Discussion 
3.8.1 “Pulsed” garnet growth and dehydration during subduction 
 Constraints on the timing, duration, and rates of garnet growth have been made through 
microsampling and high precision geochronology. Similar to that of other regional metamorphic 
studies (Christensen et al., 1989; Vance and O’Nions, 1992; Pollington and Baxter, 2010), this 
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study yields garnet growth durations spanning several million years. However, Pollington and 
Baxter (2010) show that garnet growth in regional metamorphism can occur in pulses, rather than 
at a constant growth rate. Dragovic et al. (2012) measured a pulse of growth as brief as tens to 
hundreds of thousands of years in garnets from another subducted lithology from Sifnos, 
occurring during nearly isobaric heating. However, subduction zone garnet in the previous study 
was limited to a brief time, all occurring during isobaric heating. This study is significant in that 
by coupling the geochronology with thermodynamic forward modeling, we show that garnet 
growth for this lithology on Sifnos occurred in three distinct pulses, and that based on the forward 
modeling results, pressure and temperature estimates can also be made for garnet growth at 
different stages of the subduction path. Below we discuss possible causes for pulsed garnet 
growth.  
 The initiation of garnet growth occurs during the earlier stages of burial (0.75 GPa and 
~300°C) at 53.4 ± 2.6 Ma. Garnet growth at very low temperatures is uncommon, but has been 
previously documented. Tsujimori et al. (2006) also observed garnet growth at low temperatures 
in lawsonite eclogites from Catalina Island. Figure 13 shows that this early pulse of garnet growth 
can be attributed to the breakdown of Mn-stipnomelane and lawsonite. The breakdown of Mn-
stipnomelane increases the availability of manganese to the garnet surface. This may enhance the 
stability of garnet at lower temperatures, allowing for nucleation to occur (Konrad-Schmolke et 
al., 2005).The breakdown of Mn-stipnomelane and lawsonite to form garnet also results in 
dehydration of the system (Figure 3.14), albeit a small amount (0.05 wt% water loss). Following 
this, a prolonged period of hindered garnet growth occurs. While subduction continues, 
increasing pressure and temperature of the system, garnet growth is absent. A couple of reasons 
may exist for the lack of garnet growth during prograde conditions. First, disequilibrium 
conditions may suppress nutrient availability due to sluggish intergranular diffusion (Konrad-
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Schmolke et al., 2005). The absence of available manganese (and calcium) to the garnet surface 
may be hindering growth kinetics. Alternatively, water fractionation during subduction would 
greatly affect mineral assemblages, especially if the initial hydration state of the rock is low, as 
would be expected in a quartzo-feldspathic lithology. If the rock passes through fields that 
contain minerals with high water content, effectively water-undersaturated conditions can exist, 
due to the fact that large amounts of water are necessary to stabilize minerals like lawsonite 
(Konrad-Schmolke et al., 2006). This reduced availability of fluids can also suppress 
intergranular transport of garnet-forming elements (Clarke et al., 2006; Konrad-Schmolke et al., 
2008a).  
 A second pulse of garnet growth occurs during the later stages of burial (1.7 GPa and 
~420°C) at 47.28 ± 0.16 Ma. This instance of garnet growth is correlated with the breakdown 
glaucophane and, more importantly, small amounts of epidote. As epidote is a major Ca-bearing 
phase, breakdown of this mineral will allow for more calcium to be made available for garnet 
consumption and may be the cause for this individual pulse of garnet growth.  
 During the stage of nearly isobaric heating (2.13 GPa and ~492°C to 2.19 GPa and 
550°C), garnet growth occurs in a final, third pulse, resulting in the remainder of garnet grown at 
45.50 ± 0.15 Ma. This period of high volume garnet growth is very brief, lasting no longer than 
0.8 Ma. It is should be stated that the geochronologic data allows for near instantaneous garnet 
growth (and thus dehydration) as well. At this stage, garnet growth is mainly produced by the 
breakdown of lawsonite, glaucophane, phengite, and chloritoid. The breakdown in chloritoid 
predicted in the model also may explain the “hump” in manganese shown towards the rim in the 
observed garnet compositional profile (Figure 5), as manganese becomes available to garnet. 
Associated with this pulse of garnet growth, is a net dehydration of ~0.4 wt.%, likely resulting 
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from the breakdown of lawsonite and glaucophane. The final water content modeled in the rock at 
this stage is 0.56 wt.%, in line with the observation of 0.47% LOI in the rock today. 
 
3.8.2 Rapid garnet growth 
 Acceleration in garnet growth by over two orders of magnitude occurs during the nearly 
isobaric heating stage of subduction on Sifnos. High rates of garnet growth have been previously 
determined for a blueschist from Sifnos (Dragovic et al., 2012), also occurring during the period 
of isobaric heating. In both cases, the duration of this garnet growth (and dehydration) pulse is < 
1 My. In this study, the brief period of high garnet production (< 0.8 My) occurs during rapid 
heating, from 490°C to 550°C (> 75°C/My), in line with the P-T span predicted in Groppo et al. 
(2009) and  Dragovic et al. (2012) (Figure 3.15). This rapid period of heating is likely the cause 
for the observed pulse of growth, as the P-T path crosses closely-spaced garnet-in reaction 
isopleths, possibly associated with rapid overstepping of either pressure or temperature. Nearly 
isobaric heating during subduction can occur either by 1) slow detachment of the rock from the 
slab into the subduction channel, causing heating from the mantle wedge, or 2) sharp thermal 
gradients during burial, as the slab crosses the MDD (mantle-decoupling depth) of ~75 km, 
causing this rapid heating by hot mantle flow (Wada and Wang, 2009; van Keken et al., 2011; 
Wada et al., 2012). The depth of the MDD falls roughly in line with the maximum pressures 
obtained in this study, as well as those of Groppo et al. (2009) and Dragovic et al. (2012).   
 Such acceleration in garnet growth can also be due to kinetic factors, such as fluid flow 
through the bulk rock acting as a catalyst (Austrheim, 1987; John and Schenk, 2003; Camacho et 
al., 2005). Sources for this externally derived fluid may be dehydration of mantle serpentinites 
(John et al., 2004; Spandler et al., 2011), slab-inward fluid migration (Faccenda et al., 2012), or 
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slab re-hydration (Wada et al., 2012). This influx of fluid can allow for overstepped reactions to 
come to completion by overcoming any kinetic barriers to metamorphism (Baxter, 2003).  
 While this study shows that rapid garnet growth occurs during a period of relatively 
isobaric rapid heating (60°C in 0.8 My), more work is necessary to determine the cause of this 
rapid growth pulse. Many other lithologies on Sifnos are garnet-bearing, each providing unique 
temporal and geodynamic information in the context of subduction zone metamorphism.   
 
3.8.3 Implications for “pulsed” dehydration 
 
 Based on thermodynamic forward modeling of the stability of metamorphic assemblages 
along a prescribed P-T subduction path, we calculate that ~0.55 wt.% water was released during 
garnet-forming reactions, with a majority of the water release (~0.4 wt.%) occurring during a 
brief span of time (< 0.8 My). Direct comparisons of this calculation others can be made to other 
estimates of the dehydration flux (Kerrick and Connolly, 2001; Hacker, 2008; van Keken et al., 
2011), however several variables will alter the flux of dehydration during subduction. Variables 
like the subduction rate, subduction dip, and the thermal state of the slab will determine the P-T 
path of metamorphic evolution, allowing for differences in the stability of hydrous phases during 
burial. The bulk composition and initial hydration state of the rock will also change dehydration 
estimates. Many studies have made estimates on the dehydration flux of metabasaltic rocks 
(Kerrick and Connolly, 2001; Hacker et al., 2003, Dragovic et al., 2012). Hacker et al. (2008), 
using the composition of a granitic gneiss to model H2O fluxes during continental subduction, 
predicted water loss of <0.5 wt.% at the temperature and pressure interval for garnet growth on 
Sifnos. This appears to be the most direct comparison that can be made with the lithology on 
Sifnos from this study.  
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 The initial water content of our rock is low (~1 wt.%), and variability in the initial 
hydration state of subducted rocks can have profound effects on the dehydration flux. The 
eclogite-blueschist unit on Sifnos has a variety of lithologies, spanning a wide range of bulk 
compositions and initial hydration states. Localized hydration of a subducted unit may lead to 
both shallower release of fluids and increased dehydration flux over a uniformly hydrated unit 
(Wada et al., 2012). More work on other Sifnos lithologies is required in order to determine the 
effect of changing bulk composition (and initial water content) on both dehydration fluxes and 
rates of garnet growth.  
 
3.9 Conclusions 
 This study expands on a method for determining the rate and duration of water release 
from a subducted lithology by directly linking the rates and durations of garnet growth 
metamorphism to that of dehydration. Precise geochronologic data using Sm/Nd on two very 
large (~3 and ~5 cm in diameter) garnet porphyroblasts yielded 16 concentric zonal growth ages 
(9 zones from one garnet, 7 from the other) from this quartzofeldpathic gneiss on the island of 
Sifnos, Greece. Garnet growth occurred in three, distinct pulses; initiation of growth at 53.4 ± 2.6 
Ma, a second pulse at 47.28 ± 0.16 Ma, and a third pulse at 45.50 ± 0.15 Ma. A majority of the 
garnet grew in this final pulse, occurring in a very brief time span, with a maximum (2σ) growth 
duration of 0.8 My. Thermodynamic forward modeling of the metamorphic evolution of the rock, 
when combined the precise geochronology, shows that garnet growth metamorphism resulted in 
water loss of 0.55 wt.%, with most of the water loss (0.4 wt%) occurring during this third pulse, 
at a period of nearly isobaric heating (490-550°C at ~2.15 GPa). This study, when combined with 
others (Camacho et al., 2005; John et al., 2012) shows that dehydration during subduction occurs 
in focused pulses, rather than slowly and continuously, happening on the order of hundreds to 
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hundreds of thousands of years. Rapid heating during early stages of exhumation in the 
subduction channel, or by sharp thermal gradients related to slab-mantle decoupling (Wada and 
Wang, 2009; van Keken et al., 2011; Wada et al., 2012) could be causes for pulsed 
metamorphism and dehydration.  
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Table 3.1: Sm-Nd isotopic data for 09DSF-1A. 
 
Table 3.2: Major element analysis of 09DSF-1A matrix and garnet. 
 
Table 3.3: Representative inclusion mineral chemistry in 09DSF-1A. 
 
Table 3.4: Sm-Nd garnet ages. Combined zonal ages are multipoint isochron with both garnets, 
matrices, and associated powders (also called pan residues).
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Table 3.1 
Sample  Sm (ppm) 
Nd 
(ppm) 
ng Nd 
loaded 
147Sm/144Nd 143Nd/144Nd ± 2 SE (abs) 
± 2 SE 
(ppm) 
09DSF-1A matrices       
matrix 1 3.325 12.71 18 0.1583 0.5128587 0.0000044 8.5 
matrix 2 7.576 26.09 37 0.1756 0.5128616 0.0000088 17 
matrix 3 3.123 10.75 24 0.1758 0.5128544 0.0000043 8.4 
matrix 4 6.132 20.53 23 0.1806 0.5128675 0.0000063 12 
top matrix 0.7883 1.556 7.9 0.3065 0.5128123 0.0000081 16 
bottom matrix 0.53242 1.045 5.3 0.3083 0.5128545 0.0000131 25 
matrix 1a 0.5850 1.124 11 0.3148 0.5143776 0.0000075 15 
matrix 1b 0.23774 0.4625 0.67 0.3109 0.5128903 0.0000265 52 
matrix 1c 0.35229 0.5712 0.87 0.3731 0.5129053 0.0000225 44 
matrix 1d 3.396 9.141 14 0.2247 0.5128877 0.0000086 17 
matrix 1e 0.83637 1.248 1.8 0.4053 0.5129301 0.0000129 25 
matrix 1f 0.53439 1.226 1.9 0.2638 0.5129379 0.0000174 34 
        
09DSF-1A gt1        
gt1 zone 1 0.11083 0.0200 1.7 3.351 0.5139304 0.0000883 172 
gt1 zone 2 0.2410 0.0413 3.0 3.532 0.5139024 0.0000098 19 
gt1 zone 3 0.92328 0.0735 9.9 7.597 0.5151548 0.0000093 18 
gt1 zone 4 0.75081 0.0715 9.4 6.356 0.5147202 0.0000060 12 
gt1 zone 5 1.710 0.1104 7.5 9.368 0.5156004 0.0000082 16 
gt1 zone 6 1.552 0.0956 12 9.816 0.5157870 0.0000057 11 
gt1 zone 7 1.888 0.1179 11 9.686 0.5156784 0.0000054 10 
gt1 zone 8 1.229 0.0794 10 9.365 0.5156318 0.0000066 13 
gt1 zone 9 0.71393 0.0510 3.7 8.471 0.5153298 0.0000099 19 
gt1 zone 10 0.87582 0.5496 65 0.9640 0.5131254 0.0000039 7.5 
        09DSF-1A gt2        
gt2 zone 1 0.23737 0.0484 1.1 2.968 0.5138267 0.0000979 191 
gt2 zone 2 0.99436 1.380 52 0.4357 0.5129421 0.0000037 7.3 
gt2 zone 3 1.503 0.0925 5.2 9.826 0.5158485 0.0000168 33 
gt2 zone 4 0.7907 0.0630 1.1 7.593 0.5150395 0.0000244 47 
gt2 zone 5 2.100 0.4704 26 2.701 0.5136093 0.0000055 11 
gt2 zone 6 2.283 0.6701 26 2.060 0.5134255 0.0000073 14 
gt2 zone 7 2.130 0.1331 4.1 9.682 0.5156226 0.0000176 34 
gt2 zone 8 0.91555 0.1201 4.8 4.613 0.5141722 0.0000094 18 
gt2 zone 9 0.9721 0.2117 23 2.778 0.5136357 0.0000064 12 
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Sample  Sm (ppm) 
Nd 
(ppm) 
ng Nd 
loaded 
147Sm/144Nd 143Nd/144Nd ± 2 SE (abs) 
± 2 SE 
(ppm) 
 
       09DSF-1A gt1 pwd 
      gt1 z1 pwd 3.534 5.180 17 0.4126 0.5129627 0.0000066 13 
gt1 z1 lch pwd 3.520 5.046 27 0.4220 0.5129496 0.0000058 11 
gt1 z2 pwd 2.486 3.287 23 0.4574 0.5129623 0.0000042 8.2 
gt1 z3 pwd 3.118 3.208 24 0.5880 0.5130042 0.0000067 13 
gt1 z4 pwd 2.669 2.948 13 0.5476 0.5129860 0.0000069 13 
gt1 z5 pwd 11.27 9.583 11 0.7112 0.5130302 0.0000054 11 
gt1 z6 pwd 3.635 3.649 14 0.6025 0.5129826 0.0000051 10 
gt1 z7 pwd 4.985 4.129 16 0.7303 0.5130555 0.0000051 10 
gt1 z7 lch pwd 4.977 3.901 21 0.7717 0.5130613 0.0000083 16 
gt1 z8 pwd 2.280 2.327 14 0.5928 0.5129923 0.0000055 11 
gt1 z9 pwd 1.015 1.182 10 0.5197 0.5129566 0.0000055 11 
gt1 z10 pwd 25.17 79.47 636 0.1916 0.5128688 0.0000024 4.6 
        09DSF-1A gt2 pwd 
      gt2 z1 pwd 1.135 1.455 8.5 0.4719 0.5129458 0.0000058 11 
gt2 z1 lch pwd 6.436 7.820 13 0.4978 0.5129813 0.0000117 23 
gt2 z2 lch pwd 54.45 280.0 1463 0.1176 0.5128408 0.0000033 6.5 
gt2 z3 lch pwd 2.090 2.185 16 0.5784 0.5130071 0.0000079 15 
gt2 z4 lch pwd 1.473 1.197 8.5 0.7442 0.5130629 0.0000104 20 
gt2 z5 lch pwd 2.051 4.283 8.9 0.2896 0.5129718 0.0000364 71 
gt2 z6 lch pwd 15.59 49.20 360 0.1917 0.5128729 0.0000036 7.1 
gt2 z7 lch pwd 1.706 1.098 6.4 0.9403 0.5131111 0.0000105 20 
gt2 z8 lch pwd 1.198 0.4876 3.5 1.486 0.5132246 0.0000244 48 
gt2 z9 lch pwd 1.778 3.171 1.2 0.3392 0.5130341 0.0000598 117 
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Table 3.2 
wt.% Matrix Garnetb Garnetc Whole Rockd 
SiO2 81.56 36.86 46.81 78.43 
TiO2 0.19 0.00 0.40 0.21 
Al2O3 10.00 21.53 18.14 10.73 
FeO(tot) 2.61 31.96 26.59 4.77 
aFe2O3 2.30 n/a n/a 2.37 
aFeO 0.54 n/a n/a 2.63 
MnO 0.02 1.45 0.82 0.09 
MgO 0.18 0.46 0.49 0.21 
CaO 0.14 7.61 5.17 0.60 
Na2O 5.14 0.00 0.69 4.74 
K2O 0.23 0.00 0.89 0.29 
P2O5 0.05 0.00 0.07 0.05 
Total 100.13 99.87 100.07 100.12 
 
a Ferric/ferrous ratio estimated from mineral mode and chemistry. 
b Garnet chemistry calculated from volumetrically average probe traverse across the garnet crystal 
c Garnet chemistry as analyzed by a single whole garnet crystal (garnet + inclusions) by ICP-ES 
d Whole rock chemistry by adding 9% garnet (from ICP-ES analysis) and 91% of the matrix 
chemistry 
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Table 3.3 
  epidote (Ep I) 
epidote 
(Ep II) 
phengite 
(Ph I) 
phengite 
(Ph II) 
paragonite (Pg 
I) 
paragonite 
(Pg II) 
SiO2 38.51 37.74 49.78 50.05 49.16 47.23 
TiO2 0.13 0.11 0.10 0.19 0.03 0.06 
Al2O3 27.91 23.23 29.39 27.34 38.99 38.36 
FeO(tot) 6.80 12.04 5.80 5.63 0.64 0.58 
Fe2O3 7.48 13.25 0.21 0.00 0.32 0.00 
FeO 0.07 0.12 5.61 5.63 0.35 0.58 
MnO 0.08 0.18 0.04 0.01 0.01 0.01 
MgO 0.01 0.00 0.65 1.29 0.04 0.05 
CaO 22.92 22.47 0.01 0.00 0.10 0.11 
Na2O 0.01 0.01 0.44 0.41 5.61 5.91 
K2O 0.00 0.00 9.76 9.98 0.80 0.96 
Total 97.12 97.11 95.99 94.90 95.41 93.27 
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Table 3.4 
Isochron Age (Ma) 2 SD Age 
uncertainty  
MSWD 
Gt1 zone 1 (gt1 zone 1 + 4 mtx + 1 lch pwd) 52.60 3.30 1.5 
Gt1 zone 2 (gt1 zone 2 + 4 mtx) 47.41 0.47 1.7 
Gt1 zone 3 (gt1 zone 3 + 4 mtx) 47.24 0.20 1.7 
Gt1 zone 4 (gt1 zone 4 + 4 mtx) 45.98 0.21 1.7 
Gt1 zone 5 (gt1 zone 5 + 4 mtx) 45.55 0.15 1.7 
Gt1 zone 6 (gt1 zone 6 + 4 mtx) 46.39 0.13 2.2 
Gt1 zone 7 (gt1 zone 7 + 4 mtx + 1 lch pwd) 45.23 0.56 7.7 
Gt1 zone 8 (gt1 zone 8 + 4 mtx) 46.09 0.14 1.7 
Gt1 zone 9 (gt1 zone 9 + 4 mtx) 45.49 0.19 1.7 
Gt1 zone 10 (gt1 zone 10 + 4 mtx) 51.10 1.60 1.3 
        
Gt2 zone 1 (gt2 zone 1 + 4 mtx + 1 lch pwd) 54.60 3.90 1.6 
Gt2 zone 2 (gt2 zone 2 + 4 mtx + 1 lch pwd) 47.90 4.60 1.4 
Gt2 zone 3 (gt2 zone 3 + 4 mtx + 1 lch pwd) 47.27 0.60 6.9 
Gt2 zone 4 (gt2 zone 4 + 4 mtx + 1 lch pwd) 44.80 1.20 11 
Gt2 zone 5 (gt2 zone 5 + 4 mtx) 45.28 0.52 1.7 
Gt2 zone 6 (gt2 zone 6 + 4 mtx + 1 lch pwd) 45.65 0.68 1.8 
Gt2 zone 7 (gt2 zone 7 + 4 mtx + 1 lch pwd) 44.36 0.73 7.3 
Gt2 zone 8 (gt2 zone 8 + 4 mtx + 1 lch pwd) 45.14 0.34 2.2 
Gt2 zone 9 (gt2 zone 9 + 4 mtx) 45.49 0.50 1.7 
        
Combined zone 1 (gt1 + gt2 + 4 mtx + 2 lch pwd) 53.40 2.6 1.3 
Combined zone 2 (gt1 + gt2 + 4 mtx + 1 lch pwd) 47.44 0.46 1.1 
Combined zone 3 (gt1 + gt2 + 4 mtx + 1 lch pwd) 47.22 0.41 5.6 
Combined zone 4 (gt1 + gt2 + 4 mtx + 1 lch pwd) 45.30 1.00 10 
Combined zone 5 (gt1 + gt2 + 4 mtx) 45.55 0.15 1.5 
Combined zone 6 (gt1 + gt2 + 4 mtx + 1 lch pwd) 46.37 0.27 2.4 
Combined zone 7 (gt1 + gt2 + 4 mtx + 2 lch pwd) 44.77 0.66 13 
Combined zone 8 (gt1 + gt2 + 4 mtx + 1 lch pwd) 46.00 0.67 7.6 
Combined zone 9 (gt1 + gt2 + 4 mtx + 1 lch pwd) 45.49 0.19 1.3 
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Figure 3.1: Map of Sifnos, Greece showing sample location (star). Stratigraphic column shows 
relationship between major units on Sifnos. Map is modified after Matthews and Schliestedt 
(1984), Trotet et al. (2001b), and Dragovic et al. (2012). 
 
Figure 3.2: Field photograph of sample 09DSF-1A (one euro coin for scale). Gt1 is the larger ~5 
cm garnet below. Gt2 is the smaller ~3 cm garnet above. 
 
Figure 3.3: Image of one serial slice through garnet sample as generated by HR X-Ray CT-Scan. 
Light gray pixels denote garnet while dark gray pixels denote matrix. 
 
Figure 3.4: Microdrilling of gt1 and gt2 based on MnO wt.% contours. Ten and nine concentric 
zones were drilled in each garnet, respectively. Drill trenches are shown in white. 
 
Figure 3.5: Rim to core to rim traverse of garnet chemistry in sample 09DSF-1A. 
 
Figure 3.6: Back-scattered electron image of a) density of inclusion population in garnet, 
comprising mainly of quartz, and b) epidote (Ep), paragonite (Pg), and quartz (Qtz) as a 
pseudomorph after lawsonite, contained in garnet. 
 
Figure 3.7: Summary of Sm-Nd ages from zones 1-10 in gt1 and zones 1-9 in gt2. The combined 
data include includes both garnets. See text. 
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Figure 3.8: Percent garnet grown (of total) in both garnets over time. Note the slow early growth, 
shown by low volumetric growth rate between zones 1 and 2, and the accelerated growth between 
zones 4 and 9. 
 
Figure 3.9: Theoretical volume percent garnet grown along temperature progress. Three 
theoretical volume percent garnet contributions to the matrix chemistry are modeled. All paths 
“create” less than half the garnet contributed to the bulk composition. Therefore, 9% garnet was 
used in modeling as that was the estimated modal abundance of garnet using image analysis. See 
text. 
 
Figure 3.10: Conceptual diagram showing that P-T paths for the thermodynamic forward models.  
Note the change in the angle of the subduction geotherm, and that all paths include a stage of 
nearly isobaric heating. See text for path constraints. 
 
Figure 3.11: Garnet compositional zonation of paths 3 (a), 5(b), and 7 (c). Observed garnet 
compositional zonation shown in (d). 
 
Figure 3.12: Modeled modal abundance of garnet along selected modeled P-T paths. Inset shows 
that path 3 has two distinct early garnet growths periods growing 0.21 vol% and 0.53 vol% 
garnet. Figure 3.13c shows the relative modal abundance (out of observed 9% mode) of garnet vs. 
age of growth. 
 
Figure 3.13: Modes of all phases along P-T progress for the modeled path 3. Note the significant 
growth of garnet at the expense of lawsonite, chloritoid, and glaucophane at ~492°C.  
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Figure 3.14: Change in garnet modal abundance and the wt.% water stored in the rock along the 
modeled P-T path 3. Note the three distinct stages of garnet that can be correlated to those shown 
in Fig. 3.13c. 
 
Figure 3.15: Summary of P-T history for samples 09DSF-1A. Also shown are P-T estimates in 
light gray from Dragovic et al.. (2012), in addition to a prograde path from Groppo et al. (2009), 
and exhumation paths Trotet et al., (2001b) and Schmadicke et Will, (2003). 
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CHAPTER 4 
CONSTRAINING DEHYDRATION DURING REGIONAL METAMORPHISM, 
TOWNSHEND DAM, VT, U.S.A 
 
4.1 Introduction 
 Progressive dehydration and resultant fluid-rock interaction during regional 
metamorphism can have important implications for several characteristics of orogenic processes. 
Given sufficient fluxes, fluid flow may have profound effects on the rheological properties of the 
rock (Dipple and Ferry, 1992), major and trace element composition (Ague, 1991; Ferry, 1994; 
Ague, 2003), stable and radiogenic isotope compositions (Tracey et al., 1983; Christensen et al., 
1989; Chamberlain and Conrad, 1993), mineralogy (Rumble et al., 1991), and the kinetics of 
mineral reactions (Aagard and Helgeson, 1982; Wood and Walther, 1986; Austrheim, 1987; Ague 
and Rye, 1999; Lasaga et al., 2001). Fluid release as a result of prograde metamorphic reactions, 
or increasing pressure and temperature, can migrate through the rock pervasively, through 
channelized flow, or vein networks (Walther, 1994; Ferry and Gerdes; 1998; Zack and John, 
2007), flowing across strike or through layer parallel flow (Kohn and Valley, 1994; Ferry, 1994). 
These fluids may then kinetically trigger further metamorphic reactions in adjacent units, 
transport heat, enhance deformation in shear zones, and play a role in geochemical cycling of 
carbon (Kerrick and Caldeira, 1998, Ague, 2004). Therefore, an understanding of the scale and 
nature of fluid flow is fundamental in understanding the evolution of metamorphic environments. 
Syn-metamorphic time-integrated fluid flux calculations can be made by measuring 
displacements in compositional heterogeneities or more recently, by the inversion of field 
mineralogic, major, trace, and isotopic geochemical data (Baumgartner and Ferry, 1991; Ferry, 
1994; Wing and Ferry, 2007). The use of pseudosections has been employed to make predictions 
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on both time-integrated fluid fluxes during regional metamorphism (Evans and Bickle, 1999) and 
dehydration during subduction zone metamorphism (Kerrick and Connolly, 2001; Hacker, 2008; 
Dragovic et al., 2012). As garnet growth metamorphism involves the consumption (and 
dehydration) of hydrous phases (i.e. chlorite), a direct link between the growth of garnet and the 
release of water can be made. Differential garnet geochronology can provide constraints on the 
duration of metamorphic events (Christensen et al., 1989; Ducea et al., 2003; Pollington and 
Baxter, 2010; Dragovic et al., 2012). This study seeks to combine precise geochronology with 
thermodynamic forward modeling to determine the timescales and fluxes of dehydration during 
regional metamorphism of the well-studied pelitic schists of Townshend Dam, Vermont.  
 
4.2 Physical Setting 
 The spillway at Townshend Dam is part of a larger sequence of Cambrian to Ordovician 
metasedimentary to metaigneous rocks that flank a series of NS-trending Proterozoic gneissic 
domes (Doll et al., 1961; Rosenfeld, 1968) (Figure 4.1a). This passive margin sequence is part of 
a west-verging nappe sheet that was emplaced during the Taconic, and later arched over the 
Athens dome (part of the Chester-Willoughby arch) during Devonian Acadian deformation and 
metamorphism (Rosenfeld, 1968; Menard and Spear, 1994). The spillway provides a continuous 
sequence of schists and amphibolites that have been the matter of study that includes petrologic 
(Laird and Albee, 1981; Kohn and Spear, 1990; Vance and Holland, 1993; Armstrong and Tracy, 
2000; Spear et al., 2002), structural/stratigraphic (Doll et al., 1961; Rosenfeld, 1968; Menard and 
Spear, 1994), geochronologic (Christensen et al., 1989; Vance and Holland, 1993), and fluid flow 
geochemical work (Chamberlain and Conrad, 1993; Kohn and Valley, 1994).   
 This sequence along the spillway comprises of four stratigraphic units (Doll et al., 1961) 
(Figure 4.1b). Along the SE edge of the sequence lies the Precambrian to Cambrian Hoosac 
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Formation, which is comprised of banded quartz-albite gneisses. These rocks are stratigraphically 
overlain by the Cambrian Pinney Hollow Formation. This unit consists of a series of alternating 
garnet-mica schists interbedded with epidote amphibolites. The Cambrian Ottauquechee 
Formation (even stratigraphically higher) is a rusty weathered chlorite-garnet schist interbedded 
with fewer, although thicker (~15 m) amphibolite units. Finally, the Ordivician Mooretown 
member of the Missisquoi Formation is separated from the Ottauquechee Formation by a fault. 
The unit consists of muscovite-chlorite-epidote schists with chlorite-epidote pseudomorphs after 
hornblende (Chamberlain and Conrad, 1993).  
 Peak metamorphic conditions for this sequence occurred during Acadian nappe 
emplacement, reaching staurolite grade (Karabinos and Laird, 1988, Ratcliffe et al., 1992). 
Deformation from this nape-stage metamorphism can be observed in sigmoidal inclusion trails in 
garnets from the sequence, showing counterclockwise rotation to the north, resulting from syn-
tectonic garnet growth (Rosenfeld, 1968). Pressure-temperature conditions vary across 
southeastern Vermont, as the area is structurally complex. Estimated peak P-T conditions in 
Precambrian to Cambrian metasediments are similar, ranging from 0.8-1.0 GPa and 550-600°C 
(Kohn and Spear, 1990; Ratcliffe et al., 1992; Kohn and Valley, 1994; Armstrong and Tracy, 
2000), though peak pressure conditions along strike near Strafford Dome are slightly higher at 1.0 
± 0.1GPa (Vance and Holland, 1993). P-T paths for the sequence range from those that consist of 
heating and loading (Kohn and Valley, 1994) from ~0.7 GPa and ~500°C to ~0.8-0.85 GPa and 
560-600°C, to those of decompressional heating (Vance and Holland, 1993) from 0.97 GPa and 
540°C to 0.72 GPa and 635°C. Some P-T paths for Silurian-Devonian rocks in eastern Vermont 
allow for near isothermal loading with clockwise decompressional heating (Menard and Spear, 
1994; Spear et al., 2002).  
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 The timing of peak metamorphism in the area has been interpreted to be strictly Acadian. 
In the first paper to show that tectonometamorphic processes could be documented from isotopic 
zoning in garnet, Christensen et al. (1989) analyzed core and rim segments of garnets from the 
Ottauquechee Formation of Townshend Dam to determine that garnet growth duration was 10.5 ± 
4.2 My, occurring at ~380 Ma. Other Acadian ages from the area include a 147Sm/144Nd age 
(380.3 ± 8.2 Ma) and 238U/206Pb age (377.8 ± 3.4 Ma) of a garnet rim from the Gassetts Schist 
(part of the Pre-Cambrian Cavendish Formation, arched over the Chester Dome) (Vance and 
Holland, 1993). In addition, 40Ar/39Ar cooling ages on hornblende, ranging from 380-355 Ma 
(Karabinos and Laird, 1988; Laird et al., 1991; Spear and Harrison, 1989) show later stage 
Acadian metamorphism. 
 Two oxygen isotopic zonation studies on garnets from Townshend Dam highlighted the 
nature and scale of syn-metamorphic fluid flow. Chamberlain and Conrad (1993) used oxygen 
isotope zonation in garnets and whole rocks to estimate time-integrated fluid fluxes of 1.5 x 104 
cm3/cm2. The oxygen isotope zonation in garnets and the difference in zoning patterns in garnets 
from the outcrop were used to infer cross-strike advective fluid flow on the order of tens of 
meters. Using a larger dataset of garnets and whole rock isotope measurements, Kohn and Valley 
(1994) determined maximum time-integrated fluid fluxes of 300-600 cm3/cm2, equivalent to 
roughly one vol.% loss of water from the initial rock volume. In calculating the effect of diffusion 
within an interconnected grain-boundary fluid, it was determined that although there were large 
isotopic gradients in the outcrop, diffusion alone can modify isotopic compositions, resulting in 
the possibility for little to no cross-strike fluid advection. In line with the model for fluid flow by 
Ferry (1994) for Silurian-Devonian rocks to the north, fluid flow parallel to foliation (or along 
vein networks) was preferred.  
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4.3 Sample Description  
 Sample TD09-14a is a pelitic schist from the spillway of the Townshend Flood Control 
Dam, approximately 130 m SE of the spillway wall. The sample was collected roughly 3 m from 
the southernmost amphibolite layer, as shown in Figure 4.1b. It is classified as part of the Pinney 
Hollow Formation of Doll et al. (1961). The sample is coarse-grained, consisting of the 
metamorphic assemblage quartz + biotite + muscovite + paragonite + garnet + chlorite + 
plagioclase with accessory ilmenite, apatite, and graphite (Figure 4.2).  
 A large sample of the pelitic schist was collected for the larger study. This sample was 
cut down to a size of 1.21 x 104 cm3. The sample was then sent to the University of Texas at 
Austin for High Resolution X-Ray Computed Tomography (HRXCT). The HRXCT analysis was 
completed following the methods described in Ketcham et al. (2005). The result of the HRXCT 
scan is a compilation of 518 image slices at a spacing of 0.75 mm. The combination of these 
slices (and rendering into 3D) provides the exact positioning of each of the garnet porphyroblasts 
used in these studies, and allows for precise sampling (Figure 4.3). In addition, the HRXCT scan 
allows for a non-destructive estimate of the modal abundance of garnet in the sample, which was 
estimated to be 4.75 vol.%.  
 The existence of garnet with large, euhedral, porphyroblasts (1-3 cm) was important as 
part of the aim of the larger study, however, the size distribution of garnet is wide. Garnets are 
inclusion-poor, with the inclusion population comprised of mostly quartz, plagioclase, and 
ilmenite with minor amounts of the other phases. Some garnets include sigmoidal inclusion trails 
(previously discussed). The matrix schistocity is dominated by the existence of quartz and mica. 
Chlorite is found as later stage growth, consisting of grains cutting across the fabric, or around the 
garnets as a retrogressive product. 
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4.4 Geochronology 
 As previously discussed, this work stems from a larger study initiated in order to assess 
the scale of chemical equilibrium in metamorphic rocks using major element and Sm-Nd age 
zonation. Ten garnets from the bulk volume (1.21 x 104 cm3) were extracted based on the results 
from the HRXCT scan, and microsampled for differential (zoned) geochronology, from which 38 
concentric garnet zones, a selection of associated pan residues, five whole rocks, and twelve 
matrices were analyzed for Sm-Nd isotopic ratios (Figure 4.4). Two bulk garnet separates were 
also analyzed, one separate consisting of three 1-mm-sized garnets and the other of four 3-4-mm-
sized garnets. In addition, concentrations of Sm and Nd were analyzed (Table 4.1). The 
geochronologic methodology and the bulk of the isotopic data for the larger study are found in 
Appendix A. As can be seen in Table 4.1, the 147Sm/144Nd ratios for the garnet fractions are high, 
ranging from 0.76 to 3.18, indicating that the sample preparation techniques detailed in Appendix 
A were successful in cleansing the garnets of adverse inclusions. One garnet core (TD09-14a gt4b 
zone 1) has a lower 147Sm/144Nd than the other garnet cores analyzed. Any variations in the 
isotopic ratios of the garnet zones may be attributed to either the inherent chemistry of the garnet 
(rare earth element zonation), any variability in the inclusion population, or the effectiveness of 
the physical and chemical separation techniques. Analysis of the twelve matrix samples and five 
whole rocks showed some variability in isotopic ratios. Variability in these samples can be 
attributed to mineralogical differences. Each whole rock analysis could have incorporated 
differing amounts of garnet, thereby resulting in slightly different isotopic ratios. The rock, being 
a layered pelitic schist, has a mineralogically heterogeneous matrix. These features may result in 
isotopic variability within the matrix analyses as well. 
 Because the cores (and separately, rims) of each of the garnets are chemically similar, 
and yield consistent ages, we have grouped the garnet zones into two, multi-point isochrons. In 
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order to obtain an age for the core, or initiation of garnet growth, a multi-point isochron, 
consisting of five cleansed garnet fractions, five whole rocks, and twelve matrices was calculated. 
To obtain the age for the rim, or termination of garnet growth, another multi-point isochron, 
consisting of eight cleansed garnet fractions, five whole rocks, and twelve matrices was 
calculated. Both age calculations used the Isoplot program (Ludwig, 2003). The ages are shown 
in Table 4.2 and Figure 4.5. The age of the core (initiation of garnet growth) is calculated to be 
381.0 ± 2.2 (MSWD = 11), with the age of the rim (termination of garnet growth) calculated to be 
376.3 ± 1.0 (MSWD = 16). The calculated ages result in elevated MSWD’s, which may be a 
result of the differing proportion of the garnet “core” sampled in each individual garnet (some 
cores are the 1st of 3 zones, others the 1st of 6), and thus, may not represent a “true” isochron 
(Wendt and Carl, 1991). The high MSWD is also an indication that it is difficult to ascertain 
which matrix (or whole rock) each garnet zone grew in equilibrium with, therefore all matrices 
and whole rocks must be used in an age calculation. All scatter in the isotopic data is reflected in 
the elevated age precision cited.   
 By calculating two multi-point isochrons, one for a series of garnet cores, another for a 
series of garnet rims, we show that the total duration of garnet growth in this pelitic schist in 
Townshend Dam is 4.7 ± 2.4 My. This value is lower than that determined by Christensen et al. 
(1989) using 87Rb/86Sr, however within error, these growth durations do overlap. As 87Rb/86Sr 
measurements of garnet are susceptible to any open system behavior, altering the matrix 87Rb/86Sr 
or 87Sr/86Sr, 147Sm/144Nd is preferable considering the evidence that these pelitic schists have 
undergone syn-metamorphic fluid influx (Chamberlain and Conrad, 1993; Kohn and Valley, 
1994).  
 
4.5 Bulk rock and mineral chemistry 
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 Five individual slices of representative whole rocks were cut from the bulk volume and 
used for both isotopic and major element analysis. Weathered edges were removed and the slice 
was powdered to a size of < 150 μm. The sample was then placed in a crucible and heated in a 
furnace at 1000ºC for 1 hour for determination of loss on ignition (LOI). Part of the sample was 
subsequently taken and mixed with lithium tetraborate, placed in a graphite crucible, and heated 
in a furnace at 1000ºC for 1 hour. Major element chemistry of the whole rock samples was run 
using the X-ray fluorescence spectrometer (XRF) at University of Alabama, Department of 
Geological Sciences. The major element chemistry of the whole rock used for thermodynamic 
analysis in this study is given in Table 4.3. The bulk rock analysis revealed slightly elevated 
Al2O3 (19.58 wt.%) and FeO  contents (7.49 wt.%), with much lower CaO (0.59 wt.%) as 
compared to an average pelitic composition (Shaw, 1956).  
 An electron microprobe traverse across one of the garnets sampled (TD09-14a gt9) was 
analyzed for major element chemistry (Figure 4.6 and Table 4.4). The traverse was completed at a 
spacing of 300 μm and performed using the five spectrometer JEOL 8600 electron microanalyzer 
at the University of Alabama, Department of Geological Sciences. The electron microprobe was 
run at a 10 nA beam current with a 15 keV accelerating voltage, and a spot size of 1 μm.  
 Garnet is almandine- and grossular-rich, with an average composition of 
Alm70Grs16Pyr07Spss07. Garnet is chemically zoned, with almandine and pyrope smoothly 
increasing from core to rim. Spessartine smoothly decreases from core to rim, indicative of 
prograde growth. Grossular content of garnet is relatively flat for much of the radial dimension of 
garnet until closer to the rim, where there is a subsequent decrease.  
 In addition to a traverse analysis performed on the garnet, several spot analyses of the 
garnet rim were performed in order to obtain an accurate rim chemistry of the garnet. These 
analyses, along with analyses of inclusion phases in garnet and matrix phases were performed 
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using the JEOL Superprobe 8200 at Massachusetts Institute of Technology, Department of Earth 
and Planetary Sciences, using a 10 nA beam current with a 15 keV accelerating voltage, and a 
spot size of 1μm. Major element data for the core, rim, and volumetrically-averaged garnet 
composition are given in Table 4.3. Representative major element data for matrix phases are 
given in Table 4.5. 
 
4.6 Thermodynamic Analysis 
 In order to constrain the pressures and temperatures over which garnet growth occurred, 
we use pseudosection analysis to predict the stable mineral assemblages, their modes and 
compositions, and compare the analysis to the observed assemblage. Marmo et al. (2002) stated 
that the use of a single isochemical diagram to determine a P-T path ignores the existence of 
fractional crystallization, especially in garnet. As many garnets in metamorphic rocks are 
chemically zoned, garnet fractionation occurs, evolving the effective bulk composition during 
progressive metamorphism. Marmo et al. (2002) construct a series of pseudosections, 
fractionating both garnet and water, in order to determine a P-T path for an eclogite from New 
Caledonia.  This method is preferable to those in which an entire P-T path is predicted from the 
analysis of a specific bulk composition. Recent studies have utilized the approach of 
thermodynamic forward modeling in order to better constrain the pressures and temperatures of 
garnet growth during various stages of metamorphism (Konrad-Schmolke et al., 2005, 2006, 
2008a, chapter 2 in this thesis). This approach has the advantage of fractionating both garnet and 
water, but in addition employing a P-T path dependency on the bulk rock metamorphic evolution. 
 In this study, we first determine the pressures and temperatures of the initiation and 
termination of garnet growth, by comparing measured garnet core and rim chemistry, obtained 
from a chemical traverse, to garnet compositional isopleths constructed via conventional 
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pseudosections. A pseudosection using the whole rock chemistry (Table 4.3) is calculated in 
order to determine the P-T for the initiation of garnet growth (Figure 4.7). To determine the P-T 
for the termination of garnet growth, we use the chemistry of the matrix. Use of the matrix 
effectively fractionates the whole of garnet chemistry out of the system, thus making this bulk 
composition appropriate for the rim if garnet. Two separate bulk compositions modeled for the 
rim of garnet growth were used (Table 3). A concentric area adjacent to one garnet in the sample, 
analyzed by ICP-ES as previously discussed, was used as one example of the matrix chemistry 
(Figure 4.8). In addition, a calculated matrix chemistry was used. This “matrix” was calculated by 
subtracting a volumetrically-averaged garnet composition (by electron microprobe traverse) at a 
modal abundance of 4.75% garnet (by HRXCT-Scan) from the whole rock composition (Figure 
4.9). All pseudosections were computed with the program Perple_X (Connolly, 2009), using the 
internally consistent dataset of Holland and Powell (1998). Solution models used for the analyses 
included: garnet (Ganguly et al., 1996), biotite (Tajcmanova et al., 2009), white mica (Coggon 
and Holland, 2002), chlorite (Holland et al., 1998), epidote (Holland and Powell, 1998), feldspar 
(Fuhrman and Lindsley, 1988), chloritoid (White et al., 2000), staurolite (Holland and Powell, 
1998), cordierite (Mahar et al., 1997), melt (White et al., 2001), and Fe-oxides (Andersen and 
Lindsley, 1988). All other phases were considered to be pure. Water in these isochemical 
diagrams was considered to be in excess.  
 In addition to the use of isochemical pseudosection analysis to constrain the pressures 
and temperatures of the beginning and end of garnet growth, we used thermodynamic forward 
modeling as well. As discussed above, the forward modeling approach takes into account 
continuous fractionation of garnet and water, as both these phases will have great effects on the 
effective chemical composition of the evolving bulk rock volume (Marmo et al., 2002; Evans, 
2004; Konrad-Schmolke et al., 2008a). Each forward model is conducted using the starting 
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composition of the whole rock chemistry. Several forward models (twenty-three) were calculated, 
each varying by the P-T path prescribed. The lone, common characteristic of each of the paths is 
that they pass through the pressures and temperatures predicted by the isochemical diagrams for 
the core and rim of garnet growth shown above. Each path consists of a series of regularly spaced 
P-T intervals, where at each interval, the composition and modal abundance of all stable phases is 
predicted. Components incorporated into garnet, and any free fluid released during dehydration 
reactions, are removed, and the new, effective bulk composition is recalculated for the next P-T 
interval. The forward models were also calculated with the program Perple_X (Connolly, 2009) 
using the identical solution models described earlier for the isochemical pseudosections. Figure 
4.10 shows a selection of the projected P-T trajectories along which the evolution of the rock is 
modeled. Note the difference of P-T paths used, expressing a variety of possible geothermal 
gradients: a linear gradient, relatively isothermal loading followed by isobaric heating, relatively 
isobaric heating followed by a steep loading gradient, and varieties within. All P-T paths are 
divided into 0.5-1.0°C increments.  
 The key differences between the P-T paths used for metamorphic evolution of TD09-14a 
are the garnet compositional zonation and the modal abundance of garnet predicted. The 
dependency on P-T path of both these predictions can be substantial. Depending on the 
geothermal gradient (or combination of gradients) used, the specific garnet-forming reactions will 
change based on the stability of garnet-forming reactants (as well as the stability of co-genetic 
phases). Higher rates of consumption of these reactants may change the garnet compositional 
zonation in the models. Periods of slow to no growth of garnet during metamorphism will result 
in steep or abrupt compositional gradients, while periods of higher garnet production, especially 
at higher pressures, will result in smooth compositional gradients (Konrad-Schmolke et al., 2005). 
In addition, the stability of mineral phases that hold high amounts of water can affect garnet 
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stability. Along a prescribed P-T path, relatively water-undersaturated conditions may persist, as 
a result of passing through fields with increased stability of hydrous phases, hindering garnet 
growth without any new influx of fluids (Konrad-Schmolke et al., 2006).  
 Figure 4.11a-c shows a compilation of predicted garnet compositional profiles from a 
selection of modeled P-T paths. Garnet compositions modeled for each P-T interval are converted 
to a fractional radius based on the total modal abundance of garnet predicted. Also shown in the 
figure is the observed garnet compositional profile plotted as fractional radius for comparison 
(Figure 4.11d). There are broad similarities between these predicted garnet compositional profiles 
and the observed garnet compositional zonation. Each of the predicted profiles show a 
spessartine- and grossular-rich core, a shape indicative of garnet growth from chlorite. Almandine 
and pyrope increase from core to rim, with spessartine and grossular decreasing from core to rim. 
The P-T paths vary by the relative compositional gradients along garnet growth radius. The 
model with the P-T path exhibiting relatively isothermal loading followed by relatively isobaric 
heating falls most in line with the observed compositional zonation. As a result, several new 
models with P-T paths exhibiting subtler differences were used.  
 The prescribed path 3 starts at 0.6 GPa and 494°C and follows a trend of nearly 
isothermal loading up to 1.07 GPa and 553°C. At this point, the path follows a trend of isobaric 
heating throughout the rest of the path, until the termination of garnet growth. Retrogression is 
not modeled in this, or any of the other paths, as the process we are most interested in is prograde 
garnet growth, and associated dehydration of the bulk rock. Both path 3 and the observed 
compositional profiles show smoothly increasing almandine and pyrope and smoothly decreasing 
spessartine. Towards the end of garnet growth, a sharper decrease in grossular, along with a 
change in the gradient of almandine, occurs. This inflection in the profile coincides with the 
change from isothermal loading to isobaric heating in the P-T path. Rather than following parallel 
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to the grossular isopleth during loading (Figure 4.12), the path begins crossing the grossular 
isopleths. The predicted compositional zonation is shown to fit the observed pattern fairly well. 
As a result, in further discussion, path 3 will be used.  
 Figure 4.7 shows the pseudosection for the whole rock composition. Superimposed on 
this pseudosection are the compositional isopleths of Ca, Fe, and Mn for the garnet core. The Mg 
content of the garnet in this sample is low and thus highly sensitive to any small changes in the 
Mg content. As a result, the Mg isopleth is not considered. The intersections of these isopleths 
lead to a P-T of garnet core growth of ~0.8 GPa and ~520°C. This P-T falls in the assemblage 
chlorite-garnet-biotite-muscovite-paragonite-ilmenite-quartz. This field is consistent with the 
garnet inclusions found in thin section, with the exception of chlorite, which has since been 
consumed, and plagioclase which is found in thin section as an inclusion phase. Figure 4.9 shows 
an isochemical diagram for the “calculated” matrix chemistry. The garnet rim chemical isopleths 
are also superimposed on this diagram. The intersections of these isopleths lead to a P-T of garnet 
rim growth of ~1.0 GPa and 575°C, which falls in the assemblage biotite-muscovite-paragonite-
garnet-chlorite-ilmenite-quartz. As discussed earlier, both plagioclase and chlorite are found in 
the matrix, and while the rim P-T falls assemblage includes chlorite, primary chlorite is not 
observed in thin section (see petrographic discussion earlier).  
 Using the approach of thermodynamic forward modeling, a P-T path for garnet growth 
metamorphism can be obtained. As stated above, the effect of path dependencies, along with the 
effect of fractional crystallization of garnet and fluid fractionation distinguish this approach from 
that of pseudosections. Figure 4.13 shows the modal abundance of garnet (in addition to all other 
phases) along the prescribed P-T path 3 using the whole rock chemistry as the starting bulk 
composition, and including both garnet and water fractionation. The pressure and temperature of 
the initiation of garnet growth is predicted to be 0.69 GPa and 507°C. The predicted garnet core 
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chemistry is Alm50Spss30Py02Gr18. This P-T lies in the assemblage biotite-muscovite-paragonite-
garnet-chlorite-plagioclase-ilmenite-quartz. As a validation for the forward modeling parameters 
used, this P-T prediction falls in line with the “garnet-in” line for the isochemical diagram. Note 
the existence of plagioclase in the “core” assemblage,” in line with thin section observations of 
plagioclase as an inclusion phase in garnet. The pressure and temperature of the termination of 
garnet growth is predicted to be 1.07 GPa and 581°C. The predicted garnet rim chemistry at this 
P-T is Alm83Spss00Py09Gr08. Garnet growth in the forward model terminates subsequent to the 
complete consumption of chlorite, in the phase assemblage biotite-muscovite-paragonite-garnet-
ilmenite-quartz. 
 When the compositional zonation profile for the extent of path 3 is plotted as a fractional 
radius (Figure 4.14), it can be seen that the chemistry of the observed garnet core does not match 
that of the prediction for the chemistry of garnet at its initiation. Rather, the observed chemistry 
of the garnet core plots further along the P-T path at a pressure and temperature of 0.81 GPa and 
521°C, close to the core P-T from the isochemical diagram. Further, the observed chemistry of 
the garnet rim does not fall in line with the predicted end of garnet growth, with the observed 
chemistry plotting along the P-T path at a pressure and temperature of 1.07 GPa and from 566-
579°C. The garnet rim chemistry plots along a range of temperatures due to the fact that at no 
point along the P-T path does the chemistry match that of the observed, rather the almandine, 
grossular, and spessartine contents match the predicted contents at separate points, thus the range 
of provided temperatures. Later in the discussion, we remark on the difference between the 
observed and predicted chemistries and P-T constraints.  
 As the broader aim of this study is to provide a revised method for constraining the rate 
and flux of dehydration during metamorphism, a comparison to the approach taken by Dragovic 
et al. (2012, and chapter 1) and that taken here (with forward modeling) can be made. Dragovic et 
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al. (2012) calculated bulk rock water contents from the pseudosections for the whole rock (garnet 
core) and matrix (garnet rim) compositions. As is observed in this study as well, the P-T 
conditions for the for the garnet core chemistry do not predict that 0% garnet exists at that point, 
rather the pseudosection for TD09-14a whole rock predicts that 0.42 vol% garnet should have 
already grown at the P-T condition that matched the garnet core chemistry. A recalculation of the 
initial bulk water content can be made by forcing the garnet modal abundance to zero, thus 
predicting a bulk content of 2.93 wt.% water. Using the matrix composition, a prediction on the 
final bulk water content can be made. At the P-T of the termination of garnet growth 
metamorphism (garnet rim chemistry), the predicted bulk water content is 2.64 wt.%. However, 
this water content is predicted for the matrix only, and does not include the garnet that is present 
in the rock (4.75 vol.%). By again forcing the garnet mode (this time to 4.75 vol.%), the final 
bulk rock water content is 2.49 wt.%. This signifies a loss of 0.44 wt.% water during garnet 
growth metamorphism.  
 The thermodynamic forward modeling approach not only inherently accounts for the 
fractionation of garnet; it also applies a path dependency and accounts for fluid fractionation 
during metamorphism. Figure 4.15 shows the both the growth of garnet and the loss of water 
along the prescribed P-T path 3. This figure reiterates the direct link between the growth of garnet 
and the loss of water. The forward model predicts a bulk rock water content at the start of garnet 
growth of 3.32 wt.%. This amount is higher than the amount predicted by the pseudosection 
analysis. However, the bulk rock water content at the P-T condition for the garnet core chemistry 
is 2.93 wt%. This amount is identical to the starting water content using pseudosection analysis.  
 The forward model predicts a bulk rock water content for the termination of garnet 
growth ranging from 2.69-2.81 wt.%. This range in water content is a result of the range in garnet 
rim P-T conditions predicted from the forward model. Using the P-T condition for the rim of 
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garnet growth, as predicted by the almandine content, of  1.07 GPa and 562°C, the bulk water 
content is predicted to be 2.81 wt.%.  This indicates a smaller amount of water loss in the rock 
(0.12 wt.%). However, in this case as well, the forward model does not predict that the bulk rock 
would grow 4.75 vol.% garnet, instead predicting the garnet modal abundance to be 1.86 vol.%. 
Again, by forcing the garnet modal abundance to be 4.75 vol.%, the predicted water content of 
the rock at this pressure and temperature is 2.67 wt.%. This amounts to a loss of 0.26 wt.%, lower 
than that predicted by the use of pseudosection analysis. As this analysis shows, the iterative 
fractionation of water, using the thermodynamic forward modeling approach, leads to a smaller 
amount of dehydration of the bulk rock during garnet growth. Due to the continued fractionation 
of water, less fluid is available to enhance, or even maintain, the stability of hydrous phases 
during evolution of the bulk rock. This lack of fluid will hinder garnet growth as well, due to the 
reduced availability of fluids for effective element transport (Clarke et al., 2006, Konrad-
Schmolke, 2008a). This may be attributing to the lower modal abundance of garnet in the 
predicted forward model compared to that observed. As stated earlier, the predicted amount of 
water at the equilibrium initiation of garnet growth (according to the forward model) was 3.32 
wt.%, while the water content at the P-T condition of the garnet core chemistry was 2.93 wt.%. 
As will be discussed later, it is possible that kinetic factors, such as temperature or pressure 
overstepping may have occurred. This would have hindered the initiation of garnet growth, thus 
when garnet did begin to grow, at the pressure and temperature predicted for the garnet core 
chemistry (0.8 GPa and 520°C), it was likely that the rock would attempt to reach equilibrium. As 
a result, the bulk rock would have released the 0.26 wt.% water from the garnet chemical core P-
T to garnet chemical rim P-T, but in addition, the amount of water predicted from the equilibrium 
initiation of garnet growth to the garnet chemical core P-T. This additional amount of water (3.32 
wt.% - 2.93 wt.% = 0.39 wt.%) results in a total dehydration of 0.67 wt.% (0.26 wt.% + 0.39 
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wt.%) water from the bulk rock during garnet growth, according to the forward modeling 
approach. 
 Thermodynamic analysis, by both conventional pseudosections and forward modeling, 
one accounting for garnet fractionation only, and the other accounting for the garnet and water 
fractionation (and dependency of pressure-temperature path), indicate that 4.75 vol.% garnet 
growth in 4.7 ± 2.4 My, yielding 0.51 and 0.26 wt.% water loss, respectively. The forward 
modeling value is increased from 0.26 wt.% to 0.67 wt.% if the starting water content of 3.32 
wt.% is used. In addition, to determining the flux of dehydration from the bulk rock during 
regional metamorphism, this analysis allows for a net reaction stoichiometry to be calculated. 
Taking the difference between the initial modal mineralogy and the final modal mineralogy 
(calculated as molar quantities), this net reaction allows for the identification of the major phases 
that contribute to both water release and uptake for both thermodynamic approaches. The 
following reaction describes the net reaction from the initiation to the termination of garnet 
growth using the pseudosection (garnet fractionation only, core to rim P-T) approach:  
0.31 chlorite + 0.44 paragonite + 0.15 biotite + 0.06 ilmenite + 1.12 quartz = 0.14 phengite + 1.00 
garnet + 1.66 water 
This second reaction is the net reaction during garnet growth using the forward modeling (garnet 
and water fractionation) approach: 
0.10 chlorite + 0.44 paragonite + 0.31 biotite + 0.04 ilmenite + 2.14 quartz = 0.10 phengite + 1.00 
garnet + 1.01 water 
As can be seen, the addition of continued water fractionation has the effect of limiting the 
stability of more hydrous phases, like chlorite, thereby resulting in lower levels of dehydration 
during garnet growth metamorphism. Again, the use of pseudosections overestimates the amount 
of water loss during metamorphism. However, if the early period of equilibrium garnet growth is 
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taken into account, as was the case for the total amount of dehydration, then the net reaction 
stoichiometry becomes: 
0.97 chlorite + 2.30 phengite + 2.15 plagioclase + 0.22 ilmenite = 1.16 biotite + 2.49 paragonite + 
1.12 quartz + 1.00 garnet + 2.66 water 
This reaction amounts to a greater degree of dehydration, yielding a garnet:water stoichiometric 
production ratio of ~1.0:2.7. This enhanced early period of dehydration also falls in line with the 
greater consumption of chlorite and plagioclase, marking the transition from greenschist to 
amphibolite facies in the bulk rock metamorphic evolution. This works shows that the 
garnet:water production ratio changes along the P-T path, as the specific garnet-forming reactions 
will change. Overall, 0.67 wt.% water was released from the bulk rock during a timespan of 4.7 ± 
2.4 My. Combining the geochronology with the total water release yields a minimum dehydration 
rate during prograde garnet growth of 1.5 x 10-10 moles H2O per cm3 of rock per year. 
 
4.7 Discussion 
4.7.1 Timing and duration of garnet growth 
 Utilizing microsampling and high precision 147Sm/144Nd geochronology, constraints on 
the duration of garnet growth metamorphism in Townshend Dam, VT have been made. Acadian 
amphibolite-facies garnet growth is determined to have initiated at 381.0 ± 2.2 Ma, and occurred 
for 4.7 ± 2.4 My, terminating at 376.3 ± 1.0 Ma. Prolonged garnet growth durations, on the order 
of several million years, have been documented for regional metamorphism (Christensen et al. 
(1989); Vance and O’Nions, (1990); Pollington and Baxter, 2010; this study). Both the timing 
and the duration of garnet growth fall in line with previous studies (Christensen et al., 1989; 
Vance and Holland, 1993), though the duration of garnet growth is smaller (2σ maximum 
duration of 7.1 My) than that previously determined (10.5 ± 4.2 My) using 87Rb/86Sr (Christensen 
133 
 
et al., 1989).  Garnet growth rates, or changes in the rate of garnet growth, were not the focus of 
this study; however, changes in the P-T-X conditions during metamorphism may significantly 
alter garnet growth rates. The larger study on the scale of chemical equilibrium addresses changes 
in garnet growth rates, and thus, is not in the scope of this discussion. 
 
4.7.2 P-T evolution of Townshend Dam 
 Using thermodynamic forward modeling of the stability of metamorphic assemblages 
during metamorphism, the rocks at Townshend Dam were determined to have undergone a period 
of nearly isothermal loading, followed by a period of isobaric heating. By evaluating the 
chemistry of the garnet core through pseudosection analysis, the initiation of garnet growth was 
determined to have occurred at ~0.8 GPa and 520°C. This pressure and temperature estimate is 
nearly identical to that of the thermodynamic forward model’s estimate of P-T conditions using 
the garnet core chemical core isopleths. However, the forward model predicts garnet growth to 
have initiated at ~0.7 GPa and 507°C. This difference in the P-T conditions of initiation of growth 
may result from a kinetic hindrance to nucleation. Nucleation-related overstepping of ~10-15°C is 
low compared to other studies in natural settings (Waters and Lovegrove, 2002; Wilbur and 
Ague, 2006; Pattison and Tinkham, 2009). The scale of the pressure overstep may have an effect 
on the delay in nucleation, (Pattison et al., 2011), though a large volume change, as would take 
place in dehydration reactions, should increase the affinity for reaction. Pressure overstepping 
will have a more minor effect on the kinetic components of reaction than a temperature 
overstepping (Lasaga, 1998). A more critical factor on the delay of nucleation may be the role of 
syn-metamorphic deformation during burial, building up strain energy until the activation energy 
barrier is overcome (Waters and Lovegrove, 2002), providing nucleation sites that are 
energetically favorable (Pattison et al., 2011). Alternately, the difference in the pressure and 
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temperature between the garnet core chemistry and that of the equilibrium “garnet-in” point may 
be a result of a sectioning effect, whereby the actual chemical core of the garnet was not 
analyzed. Sectioning effects would be most noticeable for the cores of spherical grains, as well. 
Evidence from a garnet chemical traverse for a garnet from elsewhere in the bulk volume along 
with its associated whole rock pseudosection provide a similar difference in the P-T of the 
chemical core (using isopleths) and the equilibrium “garnet-in” P-T. As a result, it is unlikely 
sectioning effects are significant. Nucleation-related overstepping of pressure or temperature (or 
by deformation) is a more likely cause for the observed P-T deviation. 
 Using the garnet rim chemistry and the pseudosection calculated from the matrix 
chemistry, the P-T condition for the termination of garnet growth was predicted to be ~1.0 GPa 
and 575°C. As stated earlier, the thermodynamic forward model predicts a range of temperatures 
for the termination of garnet growth (562-579°C) at 1.07 GPa. In addition, the model predicts 
garnet rim chemistry different to that of the observed garnet rim. Two reasons come about for the 
deviation between the garnet rim pressures and temperatures. First, the observed garnet chemistry 
(Figure 4.14) does reflect the end of garnet growth, in which case the P-T of the end of garnet 
growth is 1.07 GPa and 562-579°C, at which point the rock would have likely undergone 
retrogression, due to the fact that garnet would continue to grow with further burial and heating. 
Another cause for the deviation in rim pressures and temperatures is that through diffusional 
rehomogenization, the observed garnet rim chemistry is not indicative of the chemistry of the 
garnet at the end of growth. Flattening of the profiles of almandine, grossular, and pyrope towards 
the rim of garnet growth and a slight uptick in the spessartine content of garnet suggest the 
possibility of diffusion at elevated temperatures to have altered the garnet rim chemistry. In 
addition, influx of fluid during retrogression may cause chemical profiles to shift, as there is late 
stage chlorite, both as cutting across the fabric and as an alteration product of garnet. This would 
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result in a P-T for the termination of garnet growth of 1.07 GPa and 581°C. With the available 
data at hand, it is believed that the end of garnet growth occurred at ~1.0-1.1 GPa and 562-581°C, 
using a combination of pseudosection analysis of whole rock and matrix chemistries, and 
thermodynamic forward modeling using the whole rock chemistry as the starting bulk 
composition. 
 The P-T path predicted for the rocks at Townshend Dam, using thermodynamic forward 
modeling, involves nearly isothermal loading from ~0.8 GPa and 520°C to 1.07 GPa and 553°C, 
at which point isobaric heating occurs until 1.07 GPa and 581°C. As stated earlier, previous 
estimates for the P-T path during garnet growth for Townshend Dam and associated rocks have 
varied from that of continuous heating and loading (Kohn and Valley, 1994), to decompressional 
heating (Vance and Holland, 1993). Figure 4.16 shows the proposed P-T path for Townshend 
Dam from this study, along with those from other studies. As stated earlier, peak pressure and 
temperature estimates at Townshend Dam reached 0.8-0.9 GPa and 550-600°C (Kohn and Spear, 
1990; Kohn and Valley, 1994) while Vance and Holland estimate peak pressure of ~1.0 GPa at 
540°C and peak temperature of 635°C at ~0.7 GPa at Strafford Dome. Our estimates of peak 
pressures are slightly higher than previous estimates, but differs significantly in that the method 
by which peak pressures and temperatures is estimated is path dependent. It may be that in the 
case of these lithologies at Townshend Dam that estimating peak P-T conditions by classical 
thermobarometry may not succeed. As the rock progresses though its P-T evolution, and the 
effective bulk composition is constantly changing via fractional crystallization and fluid 
fractionation. Using the full mineral assemblage for multi-phase equilibria may provide a 
pressure and temperature for the peak of garnet growth along a different P-T path, possibly a 
situation in which direct heating and loading from core to rim was the case. A P-T path 
comprising loading followed by heating, garnet growth ceases before reaching the peak 
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temperatures estimated by thermobarometry (600-635°C). This is presumably as a result of near 
complete consumption of chlorite (and partitioning of Mn from chlorite) from the system to 
produce garnet.  
 Our P-T path for the garnet growth at Townshend Dam may provide an early stage of the 
P-T evolution, as decompression heating from a peak pressure (Vance and Holland, 1993) to a 
peak temperature (Kohn and Spear, 1990; Kohn and Valley, 1994) has already been estimated. 
The earlier stage of near isothermal loading with followed by isobaric heating completes a 
clockwise P-T path that has been proposed for the area in other studies (Menard and Spear, 1994; 
Spear et al., 2002). Indeed this study corroborates the burial stage for the eastern Vermont 
tectonic sequence proposed by Spear et al., 2002), and imposes a constraint on the onset of 
metamorphism for this model. This involves burial of the eastern Vermont sequence, possibly 
under the Bronson Hill arc, with recumbent folds, thrust faults, and distributed shear zones 
possibly contributing to additional burial to depths ~30 km (Spear et al., 2002). 40Ar/39Ar 
hornblende ages from 350-300 Ma (Laird and Albee, 1981; Spear and Harrison, 1989) and 354 
Ma monazite ages for Vermont (Wing et al., 1999; Ferry, 2000) may provide insights on the 
exhumation portion of the P-T path.  
 
4.7.3 Dehydration flux during garnet growth 
 Thermodynamic forward modeling has predicted that 0.67 wt.% water was lost from the 
system during the duration of garnet growth. The approach taken in this study uses predictions of 
the stable metamorphic assemblages along a prescribed P-T path, with fractional crystallization of 
garnet and fluid fractionation taken into account, thus allowing for an estimation of the bulk water 
content stored in hydrous phases at various pressures and temperatures along the path.  
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 Previous studies in Townshend Dam have used oxygen isotope zoning profiles in garnets 
across the outcrop to determine time-integrated fluid fluxes during garnet growth (Chamberlain 
and Conrad, 1993; Kohn and Valley, 1994). In addition, approaches using reaction progress of 
mineral assemblages where reactions are driven by externally-derived fluids (Baumgartner and 
Ferry, 1991; Ferry, 1992, 1994) and those using pseudosections (Evans and Bickle, 1999), have 
been used to describe the mineralogical changes of pelitic carbonate rocks of the Silurian-
Devonian lithologies in east-central Vermont and also determine time-integrated fluid fluxes. The 
range of syn-metamorphic fluid fluxes spans three orders of magnitude in rocks along the 
Chester-Willoughby arc, from 1 x 104 – 1 x 106 cm3/cm2 (Ferry, 1992, 1994; Evans and Bickle, 
1999; Ferry, 2007). At Townshend Dam, dominated by metapelitic rocks, fluxes were determined 
to be lower, at 300-600 cm3/cm2 (Kohn and Valley, 1994) to 1.5 x 104 cm3/cm2 (Chamberlain and 
Conrad, 1993).  
 While our determination of the amount of dehydration during garnet growth is not 
calculated as a time-integrated fluid flux, a comparison can be made with the study by Kohn and 
Valley (1994). They determined that the rock, between 515°C and 575°C, lost water equal to 1.0 
vol.% of the initial rock volume. Our calculations predict water loss from the equilibrium “garnet-
in” to peak metamorphism of 1.94 vol.% (or 0.67 wt.%). The bulk of the water loss during this P-
T trajectory happened during the kinetically “stalled” period, with less than half, 0.74 vol.% (0.26 
wt.%), water lost during the P-T conditions using the garnet chemistry (Figure 4.16). Our value of 
1.94 vol.% water loss during garnet growth is nearly double that of Kohn and Valley (1994), and 
may be more in line with fluxes determined by the other studies. It is clear that in order to make a 
stronger comparison to previous studies on the syn-metamorphic time-integrated fluid flux in the 
region, our values of volume (or weight) percent water loss need to be converted as a flux, or 
cm3/cm2. This is not done here, but should be addressed in further work. Previous studies have 
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determined time-integrated fluid fluxes, this study can elaborate on the changing scale of fluid 
flow during metamorphic evolution, as the extent of the larger study relies on determining rates of 
metamorphism, and changes in the rate of metamorphism. For now, we have combined the 
geochronologic work with the thermodynamic work detailed here to determine a minimum 
dehydration rate during prograde garnet growth of 1.5 x 10-10 moles H2O per cm3 of rock per 
year.  
 While this study determines the scale of syn-metamorphic fluid flow, it does not 
comment on the nature of flow (pervasive or channelized; cross-strike or layer parallel). In 
addition, the effects of processes like advection, dispersion, and diffusion are important in 
assessing the nature of fluid flow. Chamberlain and Conrad (1993) determined that fluid flow at 
Townshend Dam was cross-strike advective flow, in line with models for fluid flow of Ferry 
(1992). Kohn and Valley (1994) determined that lower fluid flux values of 300-600 cm3/cm2 were 
maximum fluxes, resulting mainly from layer-parallel or vein-like flow, and that cross-strike 
advective flow was likely closer to zero. More work can be done similar to our study on adjacent 
lithologies to test the scale of layer perpendicular flow. It should be noted, however, that studies 
involving analysis of compositional heterogeneities may provide good constraints on layer 
perpendicular, but as these rocks are layered, and flow is likely dominantly layer-parallel (Evans 
and Bickle, 1999; Ferry, 2007), this approach may not help elucidate the nature of fluid flow 
during regional metamorphism.  
 A number of assumptions are made in determining fluid fluxes in many previous 
approaches, some include 1) that pressure and temperature changes will have a negligible effect 
on fluid flow, 2) fluid is close to equilibrium with assemblages on the grain scale (Evans and 
Bickle, 1999), and 3) that fluid does not immediately leaves the system or is later added during 
metamorphic reactions. The model for determining water loss here relies on the dependency of P-
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T path of the rock along with fluid fractionation. The assumption of fluid immediately leaving the 
system and not rehydrating the rock, stabilizing other phases, is a broad assumption. Whether 
externally-derived infiltrating fluids play a role during metamorphic evolution is in question, as 
this study only discusses fluid flux from prograde metamorphic dehydration reactions, not total 
fluid flow during metamorphism, which would potentially include fluids from adjacent 
dehydrated rocks. Indeed, perhaps the modeled garnet modal abundance would be closer to the 
observed abundance (4.75 vol.%) if externally-derived fluid influx was taken into account. 
Further work involving the modeling of fluid fractionation with periodic fluid influx may provide 
insight as to the evolving total fluid flow history of these pelitic schists at Townshend Dam. 
 
4.8 Conclusions 
 This study combines geochronology with thermodynamic analysis to determine the both 
the rate and flux of dehydration during garnet growth in the regional metamorphic context of the 
pelitic schists of Townshend Dam, Vermont. This study is part of a larger study on the scale of 
chemical equilibrium in metamorphic rocks, in which several garnets were extracted from a large 
volume of rock for differential geochronology. High precision Sm/Nd ages for the core and rim of 
garnets showed that garnet growth initiated at 381.0 ± 2.2 Ma, and occurred for 4.7 ± 2.4 My, 
terminating at 376.3 ± 1.0 Ma. Thermodynamic analysis, using both pseudosections and path 
dependent forward modeling that incorporates fractional crystallization of garnet and fluid 
fractionation, determined that garnet growth initiated during nearly isothermal loading at 0.8 GPa 
and 520°C, with continued burial to 1.07 GPa and 553°C, at which point the rocks heat 
isobarically, until garnet growth terminates at 1.07 GPa and 566-581°C. This metamorphic 
evolution falls in line with a broader, clockwise P-T path for the rocks at Townshend Dam, 
possibly a result of partial subduction under the Bronson Hill arc during the Acadian orogeny 
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(Spear et al., 2002). Further evaluation of the thermodynamic analysis allows for a prediction on 
the scale of dehydration. The predicted dehydration during garnet growth metamorphism is 0.67 
wt.% (or 1.94 vol.%). This estimate is slightly higher than a previous study of fluid flux in 
Townshend Dam (Kohn and Valley, 1994). Coupling the dehydration flux estimate with 
constraints in the duration of garnet growth a minimum dehydration rate of 1.5 x 10-10 moles H2O 
per cm3 of rock per year is calculated. While this study estimates the scale of fluid release as a 
result of prograde metamorphic reactions, it does not take into account the possibility of 
externally-derived fluids, or does not comment on the nature of fluid flow, whether it is cross-
strike (Chamberlain and Conrad, 1993) or dominantly layer parallel (Kohn and Valley, 1994). By 
employing a path dependency on both garnet-growth metamorphism and dehydration, in addition 
to accounting for fluid fractionation, in combination with constraints on the timescales of 
metamorphism at these pressures and temperatures, a more accurate assessment on the scale of 
fluid release during regional metamorphism is achievable. 
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Table 4.1: Sm-Nd isotope data for TD09-14a. 
 
Table 4.2: 147Sm/144Nd garnet ages for TD09-14a. 
 
Table 4.3: Major element analysis of TD09-14a. 
 
Table 4.4: Representative garnet composition of TD09-14a. 
 
Table 4.5: Average composition of matrix minerals in TD09-14a. 
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Table 4.1 
Sample  Sm (ppm) 
Nd 
(ppm) 
ng Nd 
loaded 
147Sm/ 
144Nd 
143Nd/ 
144Nd 
± 2 SE 
(abs) 
± 2 SE 
(ppm) 
garnet cores        
TD09-14b gt3 z1 0.251 0.099 2.4 1.537 0.5154955 0.0000144 28 
TD09-14a2 gt7 z1 0.150 0.056 0.44 1.619 0.5157213 0.0000355 69 
TD09-14a gt4b z1 0.229 0.182 5.4 0.7635 0.5135774 0.0000118 23 
TD09-14a gt8 z1 0.237 0.108 3.2 1.332 0.5149876 0.0000249 48 
TD09-14a gt16 z1 0.159 0.086 3.1 1.113 0.5144338 0.0000081 16 
        
garnet rims        
TD09-14b gt3 z3 0.622 0.124 4.9 3.028 0.5191240 0.0000088 17 
TD09-14a2 gt7 z3 0.682 0.144 10 2.872 0.5187501 0.0000073 14 
TD09-14a gt4b z6 0.751 0.222 11 2.048 0.5167030 0.0000122 24 
TD09-14a gt8 z6 0.719 0.137 5.9 3.179 0.5194698 0.0000223 43 
TD09-14a gt9 z3 0.601 0.157 4.6 2.324 0.5174504 0.0000086 17 
TD09-14a gt13 z4 0.598 0.159 7.7 2.272 0.5172668 0.0000092 18 
TD09-14a 3-4mm gt 0.553 0.180 2.2 1.861 0.5162639 0.0000172 33 
TD09-14a 1mm gt 0.651 0.143 3.0 2.762 0.5184669 0.0000187 36 
        
whole rocks        
red1 WR 6.45 34.9 26 0.1117 0.5119535 0.0000091 18 
red2 WR 7.36 38.7 28 0.1152 0.5119509 0.0000087 17 
blue WR 9.16 48.6 37 0.1141 0.5119460 0.0000068 13 
violet WR 6.09 30.8 32 0.1197 0.5119450 0.0000051 10 
green WR 6.45 33.4 21 0.1167 0.5119552 0.0000110 21 
        
matrices        
TD09-14b gt3 mtx 6.05 30.4 44 0.1204 0.5119498 0.0000050 10 
TD09-14a2 gt7 mx 6.67 33.8 52 0.1192 0.5119627 0.0000049 9.5 
TD09-14a gt3 mtx 6.66 36.1 54 0.1115 0.5119649 0.0000063 12 
TD09-14a gt4 mtx 8.51 44.5 70 0.1157 0.5119859 0.0000076 15 
TD09-14a gt4b mtx 6.92 35.9 36 0.1166 0.5119605 0.0000061 12 
TD09-14a gt8 mtx 4.13 21.1 54 0.1181 0.5119409 0.0000070 14 
TD09-14a gt9 mtx 9.25 49.4 62 0.1133 0.5119501 0.0000045 8.8 
TD09-14a gt10 mtx 3.62 19.4 52 0.1131 0.5119530 0.0000051 10 
TD09-14a gt13 mtx 7.27 37.0 98 0.1188 0.5119445 0.0000050 10 
TD09-14a gt16 mtx 3.30 16.8 24 0.1188 0.5119504 0.0000050 10 
TD09-14a 3-4mm mtx 6.93 34.6 39 0.1211 0.5119599 0.0000080 16 
TD09-14a 1mm mtx 5.97 31.4 35 0.1151 0.5119690 0.0000095 19 
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        Table 4.2 
 
Isochron Age (Ma) 2 SD Age 
uncertainty 
MSWD 
        
Core (5 garnets + 5 whole rocks + 12 matrices) 381.0 2.2 11 
      
Rim (8 garnets + 5 whole rocks + 12 matrices) 376.3 1.0 16 
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Table 4.3 
 
wt.% Whole rock Matrixa Matrixb 
SiO2 62.20 63.43 48.44 
TiO2 1.01 1.06 1.36 
Al2O3 19.58 19.51 25.77 
FeO 7.49 6.28 8.07 
MnO 0.15 0.04 0.01 
MgO 2.56 2.60 3.20 
CaO 0.59 0.35 0.41 
Na2O 1.75 1.84 2.00 
K2O 4.01 4.21 5.96 
P2O5 0.14 0.15 0.15 
Total 99.48 99.46 95.37 
aMatrix analysis calculated by subtracting volumetrically-
averaged garnet chemistry from whole rock chemistry (see 
text) 
bMatrix analysis as analyzed by ICP-ES    
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Table 4.4 
 
wt.% Core  aRim  Average 
SiO2 38.12 37.06 37.52 
TiO2 0.18 0.05 0.11 
Al2O3 20.73 21.79 20.92 
FeO 24.29 34.43 31.79 
MnO 9.98 0.33 2.47 
MgO 0.94 2.50 1.83 
CaO 7.02 3.740 5.45 
Na2O na 0.05 na 
Total 101.25 99.95 100.09 
Xalm 0.539 0.783 0.714 
Xspss 0.224 0.008 0.056 
Xpyr 0.037 0.101 0.073 
Xgrs 0.200 0.109 0.157 
aRim chemistry taken from spot analysis 10 microns from rim 
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Table 4.5 
 
wt.%  Biotite  Muscovite Paragonite 
SiO2 35.62 49.96 48.56 
TiO2 1.44 0.22 0.06 
Al2O3 18.00 34.94 40.14 
FeO 20.61 2.74 0.90 
MnO 0.07 0.00 0.02 
MgO 10.34 0.95 0.06 
CaO 0.06 0.00 0.27 
Na2O 0.40 1.43 5.62 
K2O 6.95 6.75 1.10 
Total 93.49 96.99 96.73 
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Figure 4.1: a) Simplified geologic map of southeastern Vermont. Star denotes sample location at 
Townshend Dam Spillway. Geologic units delineated by age. Modified after Spear et al. (2002). 
b) Inset shows schematic of outcrop at Townshend Dam spillway. Black areas denote amphibolite 
layers/lenses. Modified after Chamberlain and Conrad (1993).  
 
Figure 4.2: Field photographs of sample TD09-14a. a) Sample TD09-14a in situ. Penny for scale. 
Note the large 1-3 cm rotated garnets. b) Sample TD09-14a on spillway floor. 15 cm ruler for 
scale. 
 
Figure 4.3: High resolution X-ray computed tomography (HRXCT) scan of sample TD09-14a 
performed at University of Texas at Austin. Scale is in mm. White pixels show as garnet 
porphyroblasts. Blue pixels show as matrix phases. 
 
Figure 4.4: Photographs of sample preparation stage for sample TD09-14a. a) photo of part of 
the bulk volume with two cores taken from the sample. b) Two sliced wafers of garnets mounted 
on slides in preparation for microdrilling. c) an example of a microdrilled garnet wafer in which 
three zones are sampled and dated with 147Sm/144Nd.  
 
Figure 4.5: Sm-Nd isochron diagram showing all cleansed garnets (hollow diamonds), whole 
rocks (solid squares), and matrices (hollow triangles) for the core (top) and the rim (bottom). 
Ages for the core and rim are shown next to the isochrons. Associated isotopic data can be found 
in Table 4.1. The inset shows the wide distribution of the whole rocks and matrices, displaying 
the need to use all points to form an isochron. 
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Figure 4.6: Representative rim to core to rim traverse of garnet chemistry in sample TD09-14a. 
Gray-filled squares are pyrope (XMg) content. Hollow triangles are grossular (XCa) content. Solid 
circles are spessartine (XMn) content. Gray-filled diamonds are almandine (XFe) content. 
 
Figure 4.7: Pseudosection analysis for the whole rock chemistry. Garnet chemical isopleths 
corresponding to observed core garnet chemistry (Table 4.4) are plotted (almandine = red, 
grossular = green, spessartine = blue); their intersection constrains the P-T of garnet nucleation, 
shown as the yellow polygon. Relevant phase fields along the P-T trajectory are labeled. [(1) bt 
chl ms pg ilm gt sph q ru; (2) bt chl ms pg gt q ru; (3) bt chl ms pg ilm gt q ru; (4) bt ms pg gt q 
ru; (5) bt ms pg ilm gt q ru; (6) bt pl ms pg ilm gt q ru; (7) bt chl pl ms pg ilm sph q; (8) chl pl ms 
pg ilm sph q; (9) bt chl pl ms pg ilm gt sph q; (10) chl pl ms ilm sph q; (11) bt chl pl ms ilm sph 
q; (12) bt chl pl ms ilm sph q ru. Bold black line shown as garnet-in line. Note that garnet 
nucleation seems to have been after the predicted garnet-in line indicating that some form of 
overstepping of nucleation. [bt = biotite; pl = plagioclase; ms = muscovite; gt = garnet; sill = 
sillimanite; q = quartz; ilm = ilmenite; sph = sphene; pg = paragonite; chl = chlorite; ru = rutile; 
and = andalusite; st = staurolite; crd = cordierite; ksp = potassium feldspar]. 
 
Figure 4.8: Pseudosection for the matrix analyzed by ICP-ES. Garnet chemical isopleths 
corresponding to the observed rim chemistry are plotted (pyrope = dark blue, spessartine = light 
blue); their intersection constrains the P-T at the termination of garnet. Relevant phase fields 
along the P-T trajectory are labeled. [(1) bt chl ms pg gt q ru; (2) bt ms pg gt q ru; (3) bt chl ms pg 
ilm gt q; (4) bt pl chl ms pg sph q ru; (5) bt chl pl ms pg ilm q ru; (6) bt pl ms ilm sill q; (7) bt chl 
pl ms pg ilm q; (8) bt pl ms sill q; (9) bt pl ms ilm and q; (10) bt pl ms and q ru]. [bt = biotite; pl = 
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plagioclase; ms = muscovite; gt = garnet; sill = sillimanite; q = quartz; ilm = ilmenite; sph = 
sphene; pg = paragonite; chl = chlorite; ru = rutile; and = andalusite]. 
 
Figure 4.9: Pseudosection analysis for the “calculated” matrix chemistry (not including garnet). 
Garnet chemical isopleths corresponding to the observed rim chemistry are plotted (almandine = 
red, grossular = green); their intersection constrains the P-T at the termination of garnet, shown as 
the yellow polygon. Relevant phase fields along the P-T trajectory are labeled. [(1) bt chl ms pg 
gt sph q ru; (2) bt chl ms pg gt q ru; (3) bt chl ms pg ilm gt q ru; (4) bt ms pg ilm gt q ru; (5) bt ms 
pg gt q ru; (6) bt pl ms pg gt q ru; (7) bt pl ms pg ilm gt q ru; (8) bt chl pl ms pg q ru; (9) bt chl pl 
ms pg ilm q ru]. [bt = biotite; pl = plagioclase; ms = muscovite; gt = garnet; sill = sillimanite; q = 
quartz; ilm = ilmenite; sph = sphene; pg = paragonite; chl = chlorite; ru = rutile; and = andalusite; 
st = staurolite]. 
 
Figure 4.10: Plot showing a selection of the twenty-three P-T paths used for thermodynamic 
forward modeling. Examples include a linear path that exemplifies continuous heating and 
loading (path 1), heating followed by loading (path 2), and loading followed by heating (paths 3, 
4, and 5). After it was determined that loading followed by heating was the most likely P-T path, 
numerous other models were conducted at finer detail. The end result was path 3, showing nearly 
isothermal loading, followed by isobaric heating. See text for absolute pressures and temperatures 
for path 3. 
 
Figure 4.11: Garnet compositional zonation for modeled garnets from path 1 (a), path 2 (b), and 
path 3 (c), along with the observed compositional zonation (in Figure 4.6) for the garnet in 
sample TD09-14a (d). The garnets are plotted as fractional radius, assuming spherical geometry 
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(see text). The core of the garnets (fractional radius of zero) is the point at which the garnet in the 
path predicts the almandine (XFe) content of the observed garnet. The rim of the zonation profiles 
(fractional radius of one) is the chemistry of last portion of garnet grown in each forward model. 
Note that the garnet compositional zonation for path 3 (c) best fits that of the observed garnet 
compositional zonation (d). 
 
Figure 4.12: Pseudosection diagrams for the whole rock composition showing compositional 
isopleths for the major garnet-forming cations. (Xalm  = almandine, top left; Xspss = spessartine, top 
right; Xpyr = pyrope, bottom left; Xgrs = grossular, bottom right).  
 
Figure 4.13: Plot of the modal abundance of all phases along the modeled P-T path 3. Note that 
the initiation of garnet growth is largely due to the consumption of chlorite, presumably at the 
transition from greenschist to amphibolite facies. 
 
Figure 4.14: Garnet compositional zonation for the modeled path 3 (a) and for the observed 
garnet profile (b). This figure is different from that of 4.11 in that the beginning of the profile for 
path 3 is the equilibrium garnet-in composition, rather than using the observed core chemistry. 
This further shows that some critical overstepping has occurred, as the chemistry of the modeled 
core (fractional radius = zero) does not match the observed core chemistry. 
 
Figure 4.15: Plot showing the modal abundance of garnet (red) and water stored in the rock 
(blue) along the modeled P-T path 3. Note the direct link between garnet production and 
dehydration. The dashed line delineates the point along the P-T evolution at which the rock 
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changes from an environment of near isothermal loading to that of isobaric heating. Also note the 
fairly constant rate at which garnet is grown.  
 
Figure 4:16: Summary of P-T-H2O history for sample TD09-14a. Text boxes denote the P-T of 
different periods along the modeled P-T path (black line with arrow) and the wt.% water at 
equilibrium “garnet-in,” the core P-T, and the rim P-T. As a comparison, two published P-T paths 
for Townshend Dam (Kohn and Valley, 1994) and associated pre-Silurian metasediments (Vance 
and Holland, 1993) are shown. The solid gray line is from Vance and Holland (1993) and the 
dashed gray line is from Kohn and Valley (1994). A combination of selected P-T coordinates of 
all three paths forms a clockwise P-T path.  
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CHAPTER 5 
DEHYDRATION HISTORY OF SUBDUCTING LITHOLOGIES, SIFNOS, GREECE 
 
5.1  Introduction  
 This dissertation has presented a new field-based approach to determining the timing, 
duration, and rate of garnet growth during subduction zone metamorphism. The field site, Sifnos, 
Greece, was used as a “natural” laboratory to explore subduction zone processes on an exhumed 
section of a continental margin sequence. Sifnos is unique in that is has a diverse suite of 
lithologies, with varying bulk compositions and mineralogies. Most lithologies are garnet-
bearing, allowing for 147Sm/144Nd geochronology to be performed. As garnet is also robust and 
preserves chemical zoning, one can model the pressure and temperature conditions during 
metamorphism. This study uses the methodologies previously described in chapters 2-4, here 
summarizing the earlier work, but adding new geochronology and P-T conditions in order further 
constrain the metamorphic evolution of this terrane. In addition, using this age data and estimates 
for dehydration during garnet growth, a P-T-t-H2O summary for Sifnos is also presented. 
 
5.2 Sample Description 
 Figure 5.1 shows the exact locations from which all samples were collected on Sifnos. 
The specific samples detailed in this chapter are also shown in Figure 5.2. In addition to mafic 
blueschist from chapter 2 (06MSF-6C) and a quartzofeldspathic gneiss from chapter 3 (09DSF-
1A), several other lithologies were used for both garnet geochronology and thermodynamic 
analysis. These lithologies include blueschists (09DSF-23E, 09DSF-36A; 09DSF-38A; 09DSF-
60A; 09DSF-25A), glaucophane schists (09DSF-37A), jadeite gneisses (09DSF-46A and 06MSF-
2), and an eclogite (09DSF-59A). All samples were dated using 147Sm/144Nd garnet 
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geochronology. One mafic blueschist (09DSF-23E) and a jadeite gneiss (09DSF-46A) were also 
used in determining P-T-t-H2O by thermodynamic analysis using pseudosections. 
 
5.3 Analytical Methods 
5.3.1 Zoned garnet geochronology 
 When garnet diameters are sufficient, zoned geochronology is preferable to bulk garnet 
ages, as both durations and rates of mineral growth can be determined. Bulk garnet separates, as 
will be discussed later, provide a bulk volumetric age that is heavily weighted by REE zonation in 
the garnet(s), but offers the advantage of larger sample sizes for increased analytical, and thus, 
age precision.  
 In addition to the zoned garnets dated using 147Sm/144Nd from chapters 1 and 2 (06MSF-
6C and 09DSF-1A, respectively), a third sample (09DSF-23E) from Sifnos underwent 
preparation for zoned garnet geochronology. As detailed in chapters 1 and 2, roughly 2-mm thick 
wafers were cut through three separate large garnets from sample 09DSF-23E. Each of the 
garnets was 1.5-1.8 cm in diameter. These wafers were cut such that the geometric center of each 
of the garnets was the top of the wafer.  
 The major garnet divalent cations (Fe, Mn, Ca, Mg) concentrations were measured on the 
wafer of one of the garnets (gt3) in order to create a chemical contour map. Using a grid spacing 
of 250 μm, a total of 3448 spot analyses was performed, of which 1686 were used to create 
contours. Any spot analyses with low oxide totals and/or analyzed inclusions were deleted for the 
final chemical contour maps. The chemical contour grid analyses were performed using the JEOL 
Superprobe 8200 at the Massachusetts Institute of Technology, Department of Earth and 
Planetary Sciences. The analyses were carried out using an accelerating voltage of 15kV. The 
probe current was 150nA, with counting times of 5s for each analysis of each cation.  
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 As in the previous chapters, the determination of the zones to be microsampled 
predominantly used the chemical contour map of MnO wt.%. The chemical contour map shows 
that MnO displays a smooth continuous profile from core to rim. Determination of the size of 
each zone is made based on attempting to extract growth zones of roughly equivalent volume, 
expecting some loss during both physical and chemical separation techniques. Three discrete 
zones were defined for gt3 based on the grid analyses. As the chemical contour maps displayed 
concentric zoning from a geometrically centered core, two other garnet wafers from the sample 
were used, with three zones defined for each of these garnets as well. It was deemed unnecessary 
to perform similar microprobe grid analyses on the other two garnets, using the assumption that 
all three garnets displayed growth zoning profiles. All three garnets were microdrilled by the New 
Wave MicroMill drilling apparatus at Boston University. The wafers were mounted on a graphite 
block and drilled under a water bath. Two trenches are drilled, isolating three growth zones from 
each of the garnets. These zones are collected, and subsequently hand crushed with a tungsten 
carbide percussion mortar and sieved to a size between 63 and 106 μm. Garnet from each sample 
was then magnetically separated using a Franz separator in order to remove minerals of very high 
(magnetite) and low (quartz and white mica) magnetic susceptibility. The remaining fractions 
were then handpicked to remove single grain inclusions and visibly inclusion-rich garnet 
fragments. The finely powdered pan residues (called “powders” from this point forward) from the 
crushing/sieving process (< 63 μm) were analyzed separately from the coarser 63-106 μm size 
fraction.  
 After physical separation of the visible inclusion population, an additional chemical 
separation technique is employed in order to remove microscopic inclusions in garnet fragments. 
This technique preferentially removes inclusions from the 63-106 μm using a partial dissolution 
technique modified after Dragovic et al. (2012). During this process, the garnet separates were 
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kept in closed Teflon® beakers in a solution of 1:2 concentrated hydrofluoric acid: 1.5N 
hydrochloric acid for 90 min at 120°C, then in an open beaker in 2:1 concentrated perchloric acid: 
1.5N hydrochloric acid overnight at 130°C. Then, the separate is kept closed in 7N nitric acid for 
3h at 120°C. Finally, the sample is kept in concentrated sulfuric acid for 3h at 120°C.  
 Many iterations of this chemical separation technique were performed, varying amounts 
of time in acids, the use of particular acids, and the temperatures used at each stage in order to 
optimize conditions like low sample loss (as garnet will ultimately get dissolved in this process) 
and high purity (garnet with high 147Sm/144Nd will lead to increased age accuracy and precision). 
These partial dissolution experiments are performed on bulk garnet separates from elsewhere in 
the sample, and have the added benefit of generating a bulk volumetric garnet age, which can 
help further elucidate the need for zoned geochronology (see later discussion). Only after an 
optimal partial dissolution procedure is determined, chemical separation on the microdrilled 
zones can commence. In addition, to the garnet separates, the powders for sample 09DSF-23E 
underwent a partial dissolution procedure. This was completed in order to remove inclusions from 
the powders in an attempt to use the powders from each microdrilled zone as part of a multi-point 
isochron. These powders were kept closed in a Teflon® beaker in 7N nitric acid for 3h at 120°C. 
This process can remove oxides and REE-rich phosphates like monazite, thereby “pulling” the 
powders closer to forming an isochron with the garnet and matrix. Subsequent to the partial 
dissolution of the garnet separates and powders, these fractions and the associated matrix (a 
volume of non-garnet-bearing sample) are completely dissolved using a procedure involving 
concentrated hydrofluoric acid, 1.5N hydrochloric acid, and concentrated nitric acid.  
 All samples, including garnet separates, powders, and matrix were then treated with a 
mixed 147Sm-144Nd spike prior to loading through a three-stage column chromatography 
procedure (Harvey and Baxter, 2000). This procedure, as it is ubiquitous in all work done in this 
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and other studies from this dissertation can be found in chapters 2 and 3. Three column blanks run 
alongside all of the samples ranged from 1-2 pg of Sm and 6-23 pg of Nd.  
 Samples were then analyzed at  the Boston University TIMS (thermal ionization mass 
spectrometer) facility using a Thermo-Finnigan TRITON. Column separates of neodymium were 
loaded with 2 μl of H3PO4 and Ta2O5 activator slurry and were collected as NdO+ in static mode 
with amplifier rotation (Harvey and Baxter, 2009). Over the span at which all 09DSF-23E 
samples were analyzed, the in-house Nd standard solution of Ames metal yielded a mean of 
143Nd/144Nd = 0.5121295 ± 0.0000060 (11.7 ppm, 2 RSD, n = 57). Reproducibility in 147Sm/144Nd 
is better than 0.023% based on repeat analyses of a mixed gravimetric normal solution with our 
calibrated in-house spike. The isotopic data collected for sample 09DSF-23E, including zoned 
garnet separates, powders, matrices, and bulk garnet separates are provided in Table 5.1. 
5.3.2 Bulk garnet geochronology 
 For samples in which garnets are not sufficiently sized (< 1 cm in diameter), a bulk 
volumetric age is necessary. Nine samples from Sifnos, ranging in lithology, were used for bulk 
garnet geochronology. Factoring in the size and modal abundance for each of the samples, a 
volume of the whole rock is crushed to a size from which individual garnets can be handpicked. 
These garnets from the sample are then collected together to go through the identical physical 
separation procedure detailed earlier for garnet zones. Depending on the amount of garnet 
collected, and the expected sample loss during the partial dissolution technique, the garnet 
separate will have been divided into several fractions for different partial dissolution procedures. 
Each fraction differed from the other by the amount of time that each sample underwent the 1:2 
hydrofluoric acid: 1.5N hydrochloric acid stage of the procedure. As garnet (and other silicate 
phases) will be dissolved during this step, increased exposure time to this solution will provide 
more surface area for subsequent step to remove adverse inclusions. Care is taken so that sample 
173 
 
loss is not too great, and that the resultant precipitate from this stage (secondary fluorides) cannot 
be later dissolved, adversely affecting the isotopic ratio of the garnet analysis (discussed later). 
Each of these partial dissolution fractions underwent the same chemical chromatography 
procedure as that of the zoned garnets. Samples are also analyzed using the BU TIMS using the 
same procedures earlier detailed. Isotopic data, in addition to the in-house, long term external 
precision of the Ames metal standard solution over the span at which each of the sample fractions 
were analyzed, are shown in Tables 5.2-5.9. 
 
5.3.3 Whole rock chemistry determination 
 Slices of a selection of the samples were cut from their respective hand samples for 
whole rock major element analysis. Sample 09DSF-23E also had a “matrix-only” slice taken from 
it for whole rock major element analysis, due to the large nature of its garnets. Weathered edges 
were removed from the slices. The slices were then powdered with a SPEX shatterbox using a 
tungsten carbide ring mill. Samples are placed in a crucible and heated in a furnace at 1000°C for 
1 hour for determination of loss on ignition (LOI). Part of the sample was mixed with lithium 
tetraborate, placed in a graphite crucible, and heated in a furnace at 1000°C for 1 hour. Major 
element chemistry of the whole rocks was run using the Thermo-ARL automated X-ray 
fluorescence spectrometer (XRF) at Washington State University, School of Earth and 
Environmental Sciences. Whole rock trace element chemistry was run on an Agilent inductively 
coupled plasmometer (ICP-MS) at Washington State University. Major and trace element 
chemistry of the “matrix-only” from sample 09DSF-23E were run by inductively-coupled plasma 
emission spectrometry (ICP-ES) at Boston University. Whole rock (and 09DSF-23E matrix) 
major and trace element chemistry for samples 09DSF-23E and 09DSF-46A are given in Tables 
5.10 and 5.11, respectively (for all others, see Appendix C). 
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5.3.4 Modal analysis 
 In order to constrain the modal abundance of garnet in sample 09DSF-23E, several large 
slices were cut from the hand sample, scanned, and using image analysis with the NIH program 
ImageJ, the garnet mode was calculated. Because garnet mode was determined on several slices, 
and the sample has no observed layering, or mineralogical anisotropy, we interpret the calculated 
area percent to be equivalent to volume percent. For all other samples, where garnet sizes are 
sufficiently small, and for all matrix mineralogy, point counts were made in thin section. The 
modal mineralogy for the whole rock and matrix of samples for which thermodynamic analysis 
was performed (samples 09DSF-23E and 09DSF-46A), are given in Table 5.12. 
5.4.5 Mineral chemistry 
 Detailed determination of the major element garnet chemistry was completed with finely 
spaced traverses of each of the garnet in which geochronology were performed. For sample 
09DSF-23E, like samples 06MSF-6C (chapter 1) and 09DSF-1A (chapter 2), the chemical 
traverses were performed on the wafers used for microdrilling. For all other samples, traverses 
were performed on garnets in thin section, at variable spacing (depending on the size of the 
garnet). These analyses were also completed using either the JEOL Superprobe 8200 at MIT or 
that of the Institute for Geochemistry and Petrology, ETH Zurich. The electron microprobes were 
run at a 10 nA beam current with a 15 kV accelerating voltage. The spot size was 1 μm. 
Microprobe spot analyses on both inclusion and matrix phases were performed in both locations 
as well. Garnet major element traverses of samples for which thermodynamic analysis was 
performed, are found in Figures 5.3-5.4. All other garnet major element traverses are found in 
Appendix C. Inclusion and matrix spot analyses of samples for which thermodynamic analysis 
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was performed (09DSF-23E and 09DSF-46A) can be found in Tables 5.13-5.14. For all other 
samples, analyses can be found in Appendix C. 
 
5.4 Data 
5.4.1 Petrography and mineral chemistry 
Sample 09DSF-23E: 
 Garnet in 09DSF-23E contains abundant inclusions, of which quartz and omphacite are 
most dominant (Figure 5.5a). Other inclusion phases in garnet include minor amounts of 
phengite, epidote/zoisite, rutile, and closer to the rim of the garnet, glaucophane. Garnet 
porphyroblasts preserve relicts of an early foliation defined by preferred orientation of omphacite, 
quartz, and to a lesser extent, minor glaucophane and phengite.  Garnet is partly chloritized along 
the rim, indicative of some retrogression. 
 The matrix consists of glaucophane, epidote/zoisite, phengite, quartz, rutile, calcite, and 
trace magnetite. A strong foliation in the sample is defined by glaucophane, phengite, and 
elongate rutile grains (Figure 5.5b). Glaucophane is the dominant phase comprising the foliation, 
occurring as fine-grained, inclusion-free, aggregates. Epidote/zoisite overgrows the foliation, but 
close to garnet porphyroblasts, along with the glaucophane, align tangential to garnet (Figure 
5.5c). Portions of the matrix include phengite and quartz-rich zones, relatively devoid of 
glaucophane, often grown around porphyroblastic epidote/zoisite. Pressure shadows comprised of 
coarser-grained quartz and phengite exist adjacent to garnet porphyroblasts. In addition, small 
amounts of interstitial patches of calcite occur throughout, mainly near quartz-rich zones in the 
matrix.  
 Garnet occurs as the largest porphyroblast phase, comprising ~13% of the rock (from 
image analysis; Table 5.12). The electron microprobe analysis shows that garnet preserves 
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compositional zonation (Figure 5.3). Garnet is almandine and grossular-rich with an average 
composition of Alm72Gr18Py06Sps04. Garnet is zoned with smoothly decreasing spessartine 
content, indicative of prograde garnet growth. No diffusive re-equilibration is observed near the 
rim of garnet. Andradite component of garnet is very high, averaging about 15 mol.% (estimated 
by normalizing to 8.00 cations and 12.00 oxygens). A representative core, rim, and average 
chemistry for the garnet in 09DSF-23E is shown in Table 5.15.  
 Besides garnet, epidote/zoisite is the largest matrix porphyroblast phase, with epidote 
occurring as euhedral, wedge-shaped grains, and zoisite occurring as euhedral prismatic grains. 
Epidote inclusions in garnet range in composition from Zo12 in the core of garnet to Zo52 in the 
rim of garnet. Wedge-shaped epidotes are compositionally zoned, from a Fe3+-rich core (Zo32) to 
a more Al-rich (Zo50) rim. Increasing Zo content is indicative of crystallization with increasing 
temperature. Epidote/zoisite grains contain abundant inclusions of quartz and glaucophane. 
Glaucophane inclusions in epidote are aligned oblique to the matrix foliation (defined by 
glaucophane). Amphibole in the matrix and included in garnet is glaucophane (average 
composition of Na1.86(Mg2.29Fe2+0.92Al1.71Fe3+0.29)Si8O22(OH)2. Sodic pyroxene only exists as an 
inclusion phase in garnet, as an aegerine-augite with an average composition of 
(Na0.58Ca0.44)(Fe3+0.39Al0.27Mg0.32)Si2O6. Phengite exists as a minor inclusion phase in garnet, fine-
grained matrix phase partly defining the foliation, and as part of the coarse-grained pressure 
shadow around garnet, as discussed above. XMg for phengite ranges from 0.70 to 0.72 (n = 3). Si 
content in the phengite inclusions range from 3.44 to 3.48 a.p.f.u. (based on 11 oxygens), with a 
lone matrix analysis of phengite having a comparable celadonite content of 3.52 a.p.f.u. No probe 
analysis exists for the coarse-grained phengite from the pressure shadow. Rutile is observed to be 
the primary Ti-bearing phase in the rock, occurring as both inclusions in garnet, and more 
predominantly, defining the foliation in the matrix. Rutile occurs as elongate needles 10s of μm in 
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length. Chlorite exists as a minor phase, existing in fractures at the outermost part of garnet. 
Compositionally, the grain can be characterized as high Fe3+, low Al, Mg-Fe chlorites.  
 
Sample 09DSF-46A: 
 Garnet in sample 09DSF-46A is inclusion-rich at the core. The inclusion population is 
dominated by quartz, with epidote, glaucophane, sodic pyroxene, white mica, rutile, sphene and 
zircon also present. Near the very edge, garnets are inclusion-free. Garnet grains are euhedral and 
1-2 mm in size (Figure 5.6a). Along some parts of the samples garnets grains have been broken 
up by a quartz vein, resulting in “floating” garnet fragments through the vein (Figure 5.6b).  
 The matrix is layered, with coarse-grained quartz, porphyroblasts of glaucophane, white 
mica, and zoisite alternating with more fine-grained layers consisting of quartz, acicular sodic 
pyroxene, white mica, and epidote. Fine grained masses of jadeite-acmite occur through the 
matrix, optically distinguishable from the more acicular pyroxenes. These “mattes” in some cases 
show alteration to albite at their rims (Figure 5.6c), indicative of crystallization during 
decompression (jadeite + quartz = albite).  
 Garnet occurs as the dominant porphyroblastic phase, comprising 5.8% of the rock (from 
image analysis; Table 5.12). The electron microprobe analysis shows that garnet preserves 
compositional zonation (Figure 5.4). Garnet is almandine and grossular-rich with an average 
composition of Alm61Gr30Py06Sps03. Garnet is zoned with smoothly decreasing spessartine 
content until the outermost part of garnet, at which the spessartine content smoothly increasing to 
XMn = 0.05, This feature may be indicative of either retrograde diffusive re-equilibration or 
prograde garnet growth in an evolving bulk composition. Almandine is plateau-like at the core, 
subsequently decreasing nearer to the rim. Like sample 09DSF-23E, andradite component of 
garnet in this sample is high, averaging about 7.5 mol.% (estimated by normalizing to 8.00 
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cations and 12.00 oxygens). A representative core, rim, and average chemistry for the garnet in 
09DSF-46A is shown in Table 5.16.   
 Zoisite occurs as a large porphyroblast phase in the matrix, heavily included with quartz, 
glaucophane, and white mica. These large prisms overprint the weakly foliation marked by the 
alternating layers described above. These zoisite porphyroblasts range in composition from Zo48 
to Zo59 (Table 5.14). Fine-grained epidote occurs as both an inclusion phase in garnet, which 
associated with phengite, appears to be a pseudomorph after lawsonite. Epidote is also found in 
the matrix, but less abundantly. One microprobe analysis of epidote showed that indeed it is a 
different generation (Zo25), both optically and chemically. Glaucophane occurs as an inclusion 
phase in garnet. While glaucophane is absent as part of the defined foliation/layering, it occurs as 
large grains overgrowing the fabric, suggesting a second late stage generation of sodic amphibole. 
Glaucophane included in garnet has an average composition of 
Na2.03(Mg1.71Fe2+1.33Al1.45Fe3+0.55)Si8O22(OH)2. Porphyroblastic glaucophane, is has a significantly 
lower Fe3+ content, with an average composition of Na2.00(Mg1.99Fe2+1.34Al1.80Fe3+0.20)Si8O22(OH)2. 
Fine-grained glaucophane in the matrix zones from Na-rich amphibole to a Ca-rich amphibole, 
indicating later stages of growth having existed at lower pressures and slightly elevated 
temperatures. Phengite exists as a minor inclusion phase in garnet, and a fine-grained matrix 
phase. XMg for phengite ranges from 0.42 in grains included in garnet, to 0.71 in matrix phases. Si 
content in the phengite inclusions range from 3.12 a.p.f.u. in an inclusion near the rim of garnet, 
to 3.57 a.p.f.u., with one grain in the matrix up to 3.70 a.p.f.u. (based on 11 oxygens). The range 
in celadonite content in the sample shows the diversity of stable assemblages in the rock, with the 
matrix phengite recording higher Si contents, indicative of higher pressures, and the garnet 
containing phengite with lower Si contents, indicative of stability during lower pressures. 
Paragonite occurs as both an inclusion phase in garnet and as a matrix phase, and is chemically 
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similar throughout the sample, with little K or Ca. Rutile and sphene are the Ti-bearing phases in 
the sample. Interestingly, rutile is only found as an inclusion phase in the core of garnet. Sphene 
is found in the matrix, usually as clusters of grains (Figure 5.6c). Additionally, sphene is also 
found as an inclusion phase in garnet, also clustered, near the rim of garnet, just before the 
inclusion-free garnet edge (Figure 5.6d). As will be discussed later, this change in the dominant 
Ti-bearing phase of the sample as garnet grows is a unique indicator of the pressure and 
temperature conditions at which garnet grew, with sphene being more stable at lower pressures 
and temperatures than rutile. Sodic pyroxene is present as an inclusion phase in garnet, as jadeitic 
(average composition of (Na0.95Ca0.05) (Fe3+0.14Al0.83Mg0.05)Si2O6). The fine-grained mattes and 
pyroxene in the matrix is more acmitic, with an average composition of 
(Na0.95Ca0.08)(Fe3+0.35Al0.60Mg0.05)Si2O6. One grain of a more calcic omphacite was observed in the 
matrix as well (Table 5.14). 
 
5.4.2 Bulk rock chemistry 
 Sample 09DSF-23E is a mafic blueschist, similar to many others from Sifnos (including 
06MSF-6C from chapter 2), however, with some clear differences (Table 5.10). The sample has a 
moderately low SiO2 content (51 wt.%), high Al2O3 (18 wt.%) and total Fe content (12 wt.%). 
Unlike sample 06MSF-6C, and many other blueschists from the island, the sample has a very 
high CaO content (8.8 wt.%) and slightly elevated Na2O content (2.9 wt.%). This rock is similar 
to other rocks analyzed by Mocek (2001), in which rocks of this composition were thought to 
have been evolved from a back-arc tholeiite. Table 5.10 also shows the chemistry of the matrix. 
Notable are the decreases in Fe, Al, and Mn, and the increase in Na and Ca due to the 
fractionation of garnet from the matrix. An estimate of the ferric/ferrous content of the rock was 
made by using the average mineral chemistry in combination with the modal analysis (as 
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determined by point count, Table 5.12) providing a Fe3+/Fetot = 0.35 for the whole rock and 
Fe3+/Fetot = 0.45 for the matrix.  
 Sample 09DSF-46A (Table 5.10) is a jadeite gneiss, with a mineralogy and chemical 
composition that is rarer on the island. The sample has an elevated SiO2 (66 wt.%) content and a 
significantly lower total Fe content (5.8 wt.%) than the mafic blueschists from this study, or from 
Mocek (2001). CaO and Na2O are high (6.0 and 3.8 wt.%, respectively) and MgO is very low 
(1.6 wt.%). This rock has been characterized by major and trace elements in Mocek (2001) as 
having an andesitic protolith. The matrix chemistry shows decreases in Fe, Al, and Ca, indicative 
of fractionation of a relatively grossular-rich garnet. Using the same method described earlier, a 
Fe3+/Fetot = 0.20 was estimated for the whole rock and a Fe3+/Fetot = 0.25 was estimated for the 
matrix. As shown in chapter 2, the differences in the ferric/ferrous content of the whole rock and 
matrix can have profound effects on the calculation of pseudosections for P-T-H2O 
determination. 
 
5.4.3 Geochronology 
 As stated earlier, in addition to the Sifnos geochronology presented in chapters 2 and 3, 
zoned age dating on one sample and bulk garnet geochronology on eight other lithologies are 
presented here. All the garnets on Sifnos contain little Nd, and thus constraining the garnet ages 
often employed the use of multiple techniques for removing any adverse inclusions, and low 
column blanks in order to obtain a sufficiently high sample/blank ratio. As will be shown, due to 
the diverse nature of lithologies on the island, many different dissolution techniques were used, 
both between samples and within one sample, in order to obtain high 147Sm/144Nd for high age 
accuracy and precision. Garnet ages for each of the samples and any problems associated with 
age determination are shown below and in associated figures. It should be noted that in 
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subsequent sections, partial dissolution fractions have a sample ID like “30HF.” This denotes that 
during the hydrofluoric acid stage of the partial dissolution, the garnet separate stayed closed in a 
beaker for 30 minutes. Increased time in HF will dissolve garnet, and adverse silicates, in the 
attempt to obtain a higher parent/daughter ratio. 
09DSF-23E: 
 09DSF-23E was dated by zoned geochronology and three ages were obtained. Three 
garnets were used in the determination of the ages of the three zones. Because the chemically 
similar core, middle, and rim of the garnet yielded consistent isotopic results, the garnet ages 
comprise of multi-point isochron that incorporate garnet fractions, matrix, and in one zone, a 
leached (partially dissolved) powder. Table 5.1 and Figure 5.7 show these multi-point isochron 
ages for each of the three zones. The ages of the core to rim of the garnets in this sample are 
46.95 ± 0.61 Ma (MSWD = 2.2), 46.10 ± 1.10 Ma (MSWD = 2.1), and 42.90 ±1.70 Ma (MSWD 
= 1.7). Note that, gt3 zone 2 was not used in an isochron, as the sample size analyzed was very 
low (0.3 ng Nd), and age accuracy compromised. For reference, Figure 5.8a shows all the data. In 
attempting to determining the proper technique for partial dissolving the garnet to remove 
inclusions, a few bulk garnet separates were also analyzed and a bulk garnet age (Figure 5.8b) can 
be calculated of 45.12 ± 0.72 Ma (MSWD = 0.28). While this age is meaningful in the context of 
metamorphism during Sifnos, this measurement shows that, if large enough, garnet 
geochronology can provide more information if separate garnet zones are analyzed. As the 
garnets in sample 09DSF-23E are over 1.5 cm in diameter, this is possible (though still with great 
care needed). The bulk age calculated does not show that while much of the garnet (zones 1 and 
2) grew early and over a short timespan (0.85 My with a maximum 2σ age duration of 2.11 My), 
growth of the rim of garnet occurred 4 My later, possibly as a separate discrete pulse, rather than 
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slowly and continuously. Overall, using three garnets, the total duration of garnet growth was 
4.85 ± 1.87 My, with the possibility of two discrete periods of growth.  
 
09DSF-46A: 
 09DSF-46A was dated using the techniques described earlier for bulk garnet 
geochronology. Here, a multi-point isochron using three garnet fractions (dissolved for different 
times), a powder , and a matrix (Figure 5.9) provided a bulk volumetric age for garnet growth of 
42.5 ± 3.0 Ma (MSWD = 2.0). As can be seen, the 147Sm/144Nd ratios for the garnet separates are 
not high. As a result, age precision is relatively poor. However, preliminary laser ablation ICP-
MS analysis of the garnet performed at USGS (data not shown in this study) showed that 
147Sm/144Nd is heavily zoned in this, from very low values through much of the garnet, to very 
high values only at the very rim of garnet growth. A bulk volumetric 147Sm/144Nd of this garnet 
would indeed be very low, as shown by the inability to obtain a high ratio. This would suggest 
that the garnets were adequately cleansed of inclusions; but the 147Sm/144Nd is inherently low. In 
addition, knowledge of the extreme zonation in 147Sm/144Nd can provide some insight into the 
distribution of age in the garnet. As the 147Sm/144Nd ratio is heavily partitioned to the rim, a bulk 
volumetric 147Sm/144Nd age, would provide an age heavily weighted towards the termination of 
garnet growth. The age of 09DSF-46A and the zonation in 147Sm/144Nd becomes important when 
discussing the P-T-t evolution of the terrane, as this sample was also used for thermodynamic 
analysis.  
 
09DSF-25A: 
 Sample 09DSF-25A provides a situation where all points analyzed do not fit on an 
isochron and the MSWD, if all points were used, are not adequate for determining an isochron 
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age (Wendt and Carl, 1991). Here, an isochron with all points provides an age of 44.10 ± 2.80 Ma 
(MSWD = 7.4), however, as seen in Figure 5.10, the points 30HF and 60HF do not fit on the 
isochron. As the point 120HF signifies a technique with longer times in HF, and thus presumably, 
a cleaner garnet, a three-point isochron with WR-noHF-120HF provides an age of 44.11 ± 0.55 
Ma (MSWD = 0.33). This assumes that the whole rock (garnet + matrix + inclusions in garnet) 
was in isotopic equilibrium with garnet during growth. A three-point isochron of the three garnets 
treated with HF gives an age of 45.01 ± 0.58 Ma (MSWD = 0.92), however, absent any a priori 
evidence that the WR was not in equilibrium with the garnet during growth, the age used here is 
44.11 ± 0.55 Ma. 
 
06MSF-2: 
 Sample 06MSF-2 consists of an age derived from two separate whole 2-mm sized garnets 
from a particular lithology (Figure 5.11). A three-point isochron (2 garnets and a whole rock) 
yield an age of 43.80 ± 3.60 Ma (MSWD = 0.77). This was one of the earlier attempts at partial 
dissolution techniques from lithologies on Sifnos, hence the low 147Sm/144Nd obtained. 
 
09DSF-36A: 
 Sample 09DSF-36A (Figure 5.12) consists of a three-point isochron (2 garnets + matrix), 
yielding an age of 46.60 ± 1.10 Ma (MSWD = 0.12). The significance of this age is that this 
sample was located uphill from the sample 06MSF-6C (chapter 2) and is believed to be the 
outcrop from which it came, as 06MSF-6C was sampled as float. Again, the benefit of zoned 
geochronology is shown here, as 06MSF-6C was shown to have grown in tens to hundreds of 
thousands of years (2σ maximum 1 My), a determination this bulk age could not help make.  
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09DSF-37A: 
 Sample 09DSF-37A illuminates that although the separate with the highest 147Sm/144Nd 
may not fit on the isochron in certain situations, if problems during sample preparation are 
shown. As seen in Figure 5.13, a multi-point isochron age of 46.08 ± 0.45 Ma (MSWD = 1.2), 
however, the separate “75HF” does not fit on the isochron. This separate is shown to elucidate a 
potential deleterious process during partial dissolution. A large garnet fraction was used for this 
technique during the HF stage. A byproduct of the HF stage is secondary fluoride precipitation, a 
residue perchloric acid is meant to dissolve. It is believed that because so much secondary 
fluoride was precipitated, the perchloric acid stage was insufficient, allowing for some altering of 
the isotopic composition of the “garnet” (as the sample then becomes garnet + secondary 
fluorides). For this reason, that fraction was not included in the age determination, but was shown 
to highlight potential problems during geochronologic techniques.  
 
09DSF-38A 
 Sample 09DSF-38A (Figure 5.14) is an example of a case when all garnet fractions fit 
very well onto an isochron. A multi-point age consisting of 3 garnets and a whole rock is 46.10 ± 
1.20 Ma (MSWD = 0.02). The cause for the poorer age precision was decreased analytical 
precision (Table 5.7) due to inconsistencies in column chromatography. This sample highlights 
that while all points fit onto an isochron well, and 147Sm/144Nd is high, poor analytical precision 
can result in relatively poor age precision.  
 
09DSF-59A 
 Sample 09DSF-59A, like 09DSF-25, does not have all fractions fit onto an isochron. 
Here the separate with the highest 147Sm/144Nd is used for the isochron, consisting of two garnet 
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separates and a whole rock, yielding an age of 44.80 ± 1.5 Ma (MSWD = 1.5). As seen in Figure 
5.15, many of the points do not fit on the isochron (powder, noHF and 30HF), due to either not 
being leached at all, or not sufficiently. However, the separate “120HF” also does not fit on the 
isochron. Here, we use the fraction that has been partially dissolved for the longest time, as 
representative of the cleanest garnet, for age determination.  
 
09DSF-60A 
 Sample 09DSF-60A is different from the other lithologies, in that it is a sample with 
small garnets (thus the need for a bulk volumetric age) that provides one of the older ages 
determined from the island (Figure 5.16). A five-point isochron, consisting of 4 garnets and a 
whole rock, yields an age of 49.60 ± 1.2 Ma (MSWD = 2.4). Note that “30HF” and “45HF” do 
not fit on the isochron. The separate labeled “45HF” also incurred the secondary fluoride issue 
due to the use of too large a garnet fraction for partial dissolution. As can be seen in Table 5.9, 
this sample has very little Nd (as low as 10 ppb), therefore many fractions had to be used in order 
to yield an age. As for “30HF,” it is unclear why this fraction would not have fit on the isochron, 
other than it was not sufficiently cleansed (with a [Nd] of 20 ppb). As stated above, this sample is 
important, as it yields one of the older ages in the unit. Further work to isolate a more accurate 
age may be necessary. In addition, this sample is a good candidate for thermodynamic analysis, as 
it will elucidate the P-T conditions of the terrane at an earlier stage than can be learned from other 
samples.  
 
5.5 Thermodynamic Analysis 
 As described in previous chapters, in order to constrain the pressures and temperatures at 
which garnet growth (and associated dehydration) occurred, and the amount of water released 
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during garnet growth, pseudosection analysis is employed. This analysis predicts the stable 
mineral assemblages, their modes, and compositions for a given bulk composition. Comparisons 
are then made to the observed inclusion and matrix mineral assemblage and modes through 
petrography, and the compositions of these phases through electron microprobe analysis. 
Differences between the predictions made by pseudosection and that observed are possible due to 
several factors, which can include: use of a non-representative bulk composition from which 
garnet grew, incorrect choice of mineral solution models, inadequacy of mineral solution models 
for a given bulk composition, and others. A selection of these is addressed in this chapter as they 
factor heavily into calculations of phase equilibria for the lithologies of Sifnos.  
 In addition to representing the results from thermodynamic analysis from sample 06MSF-
6C (chapter 1) and sample 09DSF-1A (chapter 2), two additional lithologies were analyzed. 
Sample 09DSF-23E is the blueschist that contains large garnets (roughly 1.5 cm in diameter) with 
which zoned garnet geochronology was performed (earlier in data section). Sample 09DSF-46A 
is the glaucophane jadeite gneiss with mm-sized garnets with which bulk garnet geochronology 
was performed. For both these samples pseudosections for the core and rim of garnet growth were 
created. To determine the pressures and temperatures of the initiation of garnet growth in both 
samples, we use the whole rock chemistry as the bulk composition of the rock. To determine the 
chemistry of the termination of garnet growth, we use the matrix chemistry as the bulk 
composition. As has been stated numerous times throughout this thesis, continued garnet 
crystallization alters the bulk composition during metamorphic evolution. Use of the matrix 
chemistry effectively fractionates garnet from the system, and if the rim of garnet was in 
equilibrium with the matrix during the termination of its growth, then the matrix chemistry 
provides the proper bulk composition for determining P-T conditions during that time. The matrix 
chemistry used for 09DSF-23E, as discussed earlier, was an analyzed piece of the matrix in the 
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rock, as the garnets were large enough and spaced enough apart that extraction of the matrix was 
straightforward. For 09DSF-46A, the garnets are small, and thus a true matrix could not be 
physically extracted. As a result, a calculated “matrix,” involving subtracting a volumetrically 
averaged garnet composition, at the modal abundance of garnet observed, from the whole rock 
composition. Below, the P-T-H2O evolutions of these two samples are presented. 
 
5.5.1 Pressure-temperature span of garnet growth 
Sample 09DSF-23E analysis: 
 The whole rock chemistry was used for determining P-T conditions of garnet initiation, 
comparing the garnet compositional isopleths from the analysis with the garnet core chemistry. 
The analyzed matrix chemistry was used for determining P-T conditions of garnet termination, 
comparing the garnet compositional isopleths from the analysis with the garnet rim chemistry. In 
addition, comparing mineralogy of the sample using petrography with the predicted mineral 
assemblages is employed. Pseudosections were computed using the program Perple_X (Connolly, 
2009), using full solution models for the following phases: garnet (White et al., 2005), amphibole 
(Dale et al., 2005), omphacite (Green et al., 2007), epidote (Holland and Powell, 1998), Fe-oxides 
(Andersen and Lindsley, 1988), feldspar (Fuhrman and Lindsley, 1988), chlorite (Holland et al., 
1998), white mica (Smye et al., 2010), and chloritoid (Smye et al., 2010). All other phases were 
considered to be pure. Calculations were for water-saturated conditions. Pseudosections for the 
whole rock chemistry (core of garnet growth) and the matrix chemistry (rim of garnet growth) are 
shown in Figures 5.17 and 5.18. Figure 5.19 shows a compilation of the garnet chemical isopleths 
superimposed onto the pseudosection of the whole rock chemistry. 
 Figure 5.17 shows the garnet chemical isopleths for Fe, Ca, and Mn equivalent to the 
measured garnet core chemistry (Table 5.15) superimposed onto the whole rock pseudosection. 
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The isopleths converge on an average P-T of garnet core growth of ~2.1 GPa and ~495°C. This 
falls within the assemblage omphacite-chlorite-phengite-garnet-lawsonite-quartz-rutile. This 
stable phase assemblage is consistent with the garnet inclusion population observed, though 
chlorite is shown to be more abundant than is observed as inclusions in garnet. In addition, no 
lawsonite inclusions were found in thin section, however possible pseudomorphs after lawsonite 
(epidote + phengite) were found as abundant in garnet.  
 Figure 5.18 shows the garnet chemical isopleths for Fe, Ca, Mn, and Mg for equivalent to 
the measured garnet rim chemistry (Table 5.15) superimposed onto the matrix pseudosection. 
Here, the isopleths converge on an average P-T of garnet rim growth of ~1.4 GPa and ~540°C. 
This falls in the assemblage omphacite-epidote-amphibole-phengite-paragonite-garnet quartz-
rutile-magnetite. All these predicted phases are found in either the matrix or included at the rim of 
garnet, with the exception of paragonite. As only three analyses of white micas were made, it is 
possible that paragonite is a stable phase in this rock. Note the absence of lawsonite as a stable 
phase in the matrix. All lawsonite is considered to be replaced in garnet as pseudomorphs to 
epidote/phengite, and in the matrix by the large euhedral epidotes. It should be noted that the 
observed XAlm (Fe component in garnet) in the garnet was 0.67. The small isopleths near the 
middle of the P-T polygon is the 0.65 isopleth. The pseudosection does not predict that the 
almandine content of garnet reaches as high as 0.67. Also note that one of the Ca isopleths 
(green) is predicted at a higher pressure than the other isopleths (and the rim P-T polygon). As 
stated earlier, one of the possible differences between observed and predicted assemblages and 
compositions can be the inadequacy of mineral solution models for a given bulk composition. A 
significant component of this (and many others on Sifnos) bulk composition(s) is the presence of 
ferric iron. Currently, few studies have included ferric iron in pseudosection calculations (Groppo 
et al., 2009; Dragovic et al., 2012), though it can have a significant impact on the pseudosection 
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topology. The solution models used here, where appropriate, account for ferric iron. The solution 
model used here for garnet (White et al., 2005) does not partition enough Fe3+ into garnet. As 
shown in Table 5.15, the garnets from this sample have a high andradite (Ca3Fe3+2Si3O12) 
component. Not sufficiently partitioning enough Fe3+ into garnet will have a dramatic effect on 
the partitioning of Ca into garnet, resulting in observed pressure and temperature differences 
when relying on chemical isopleths for prediction. As the other chemical isopleths converge, and 
the stable assemblage is observed, the P-T region is considered to be fairly accurate. However, 
further work by others needs to focus on adequately modeling the andradite component of garnet 
in order to predict P-T conditions of relatively ferric iron-rich bulk compositions.  
 The P-T constraints on the span of garnet growth for sample 09DSF-23E show a relative 
decompressional heating during garnet growth, with a decrease in pressure of 0.7 GPa and a 
temperature increase of 45°C. Further discussion will elucidate the path through which this 
lithology evolved. 
 
Sample 09DSF-46A analysis: 
 The whole rock chemistry for 09DSF-46A was used for determining the P-T conditions 
for the initiation of garnet growth, with the calculated “matrix” chemistry used to determine the 
P-T conditions for the termination of garnet growth. Here, the program Perple_X was used with 
solution models for the following phases: garnet (White et al., 2005), amphibole (Dale et al., 
2005), omphacite (Green et al., 2007), epidote (Holland and Powell, 1998), Fe-oxides (Andersen 
and Lindsley, 1988), feldspar (Fuhrman and Lindsley, 1988), white mica (Smye et al., 2010), and 
chloritoid (Smye et al., 2010). All other phases were considered to be pure. Calculations were for 
water-saturated conditions. Pseudosections for the whole rock chemistry (core of garnet growth) 
and the matrix chemistry (rim of garnet growth) are shown in Figures 5.20 and 5.21. Figure 5.22 
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shows a compilation of the garnet chemical isopleths superimposed onto the pseudosection of the 
whole rock chemistry. 
 Figure 5.20 shows the compositional isopleths for Fe, Ca, and Mn for the garnet core 
chemistry (Table 5.16) superimposed on the whole rock pseudosection. Mg content in the garnet 
core is low and the isopleths distantly placed, that Mg is not considered. These isopleths converge 
on an average P-T of garnet core growth of ~1.95 GPa and ~505°C. This pressure and 
temperature falls in the assemblage of omphacite-phengite-paragonite-chloritoid-garnet-
lawsonite-quartz-rutile. This mainly consistent with the observed garnet inclusions however for 
the absence of glaucophane, as is observed as an inclusion phase and the presence of chloritoid 
which was not observed. Chloritoid is predicted to be in low abundance and may be in garnets not 
observed petrographically or through microprobe analysis. At only slightly higher pressures is 
glaucophane then part of the stable assemblage, and even higher pressures, chloritoid becomes 
absent from the assemblage. It should be noted that again, here, the contribution of Fe3+ plays an 
important role in determining the P-T condition. As stated earlier, the ferric iron content was 
calculated based on the combination of probe analyses and modal analysis by point count. The 
ratio of phengite:paragonite and that of acmite:jadeite were, however, estimated based on the 
number of analyses made by electron microprobe. The relative proportion of these phases can 
change the Fe3+/Fetot content from 0.203 to 0.272. Here, an end-member Fe3+/Fetot content of 
0.203 was used based on the relative abundance analyzed. However, increasing the ferric iron 
contribution has the effect of moving the P-T conditions to increasing pressure and slightly 
decreasing temperature. Small deviations in this content can then shift the garnet core P-T into a 
different phase field. Additional microprobe analyses on garnet inclusions and the relative 
abundances of the white micas and sodic pyroxenes would be necessary to provide a better 
constraint on the contribution from ferric iron. 
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 Figure 5.21 shows the garnet chemical isopleths for Fe, Ca, and Mn for equivalent to the 
measured garnet rim chemistry (Table 5.16) superimposed onto the matrix pseudosection. Here, 
the isopleths converge on an average P-T of garnet rim growth of ~1.1 GPa and ~550°C. This 
pressure and temperature falls in the assemblage epidote-(sodic-calcic)-amphibole-plagioclase-
phengite-garnet-quartz-rutile. The predicted assemblage falls roughly in line with the observed 
assemblage, specifically the observation of plagioclase as a replacement product of the 
breakdown of jadeite (seen back in Figure 5.6d) and the appearance of more calcic rims on sodic-
calcic amphiboles. Sphene, while found as an inclusion phase near the rim of garnet, is not in the 
predicted assemblage, but is found at a slightly lower temperature. The garnet rim growth for 
sample 09DSF-46A is predicted at a significantly lower pressure than for other samples on Sifnos 
from this study. The observed presence of sphene as an inclusion phase in garnet, and that sphene 
is the dominant TiO2-bearing phase predicted at lower pressures (Figure 5.6e) confirms that the 
rim of garnet for this sample did indeed grow at such low pressures. Growth of the rim at slightly 
elevated pressures would have resulted in stable rutile to have been included in garnet at its rim. 
Rather, sphene is observed.  
 As is the case for the core garnet growth, the calculated “matrix” composition will be 
affected by the Fe3+/Fetot in the bulk composition used. The effect of higher ferric iron 
contribution may change the predicted P-T for garnet rim growth. The additional work suggested 
above would also apply here. 
 The P-T constraints on the span of garnet growth for sample 09DSF-46A show a relative 
decompressional heating during garnet growth, with a decrease in pressure of 0.85 GPa and a 
temperature increase of 45°C. As with sample 09DSF-23E, the P-T path of the rock will be 
discussed in the context of the metamorphic evolution of all lithologies from Sifnos (see 
discussion section).  
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5.5.2 Constraining the amount of dehydration 
 Chapters 2 and 4 displayed the approach for determining the rate and scale of dehydration 
during garnet growth through the use of pseudosection analysis. This approach is used for 
samples 09DSF-23E and 09DSF-46A as well. 
 
Sample 09DSF-23E: 
 As can be seen in Figure 5.23, the P-T conditions predicted using the garnet core 
chemistry do not predict “zero-mode” garnet, rather that roughly 3 vol.% garnet had already 
grown at this point. This may be due to possible temperature overstepping of the early garnet-
forming reactions, as was discussed in chapters 2 and 4 for lithologies from Sifnos, Greece and 
Townshend Dam, VT. As a result, the prediction for the bulk water content at this pressure and 
temperature (Figure 5.16) needs to take into account this volume of garnet, and be recalculated by 
forcing the garnet modal abundance to zero. This brings the bulk water content at the initiation of 
garnet growth to 5.95 wt.%. Using the matrix composition to account for garnet fractionation, the 
predicted bulk water content is 2.1 wt.%, however, this water content is predicted for the matrix 
only, not including the fact that garnet is present in the rock, at 13 vol.%. By forcing the garnet 
mode to 13 vol.%, the final bulk water content is 1.69-1.81 wt.% (given uncertainty in the P-T 
estimate). This signifies a loss of up to 4.26 wt.% water during garnet growth in this sample. As a 
check on this final water content, the analyzed loss on ignition for the rock (Table 5.10) is 2.1 
wt.%.  
 As shown earlier, by taking the difference between the initial modal mineralogy and the 
final modal mineralogy predicted, a net reaction stoichiometry can be calculated, allowing one to 
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recognize the major water-releasing phases involved during P-T evolution. The following 
described the net reaction from the beginning to the end of garnet growth:  
3.28 omphacite + 2.78 lawsonite + 0.88 chlorite + 0.81 quartz + 0.06 phengite + 0.03 rutile = 1.34 
epidote + 1.09 amphibole + 1.00 garnet + 0.51 paragonite + 0.07 magnetite + 6.88 H2O 
As shown here, lawsonite (and to a lesser extent, chlorite) is the major water-releasing phase. 
This is also shown in Figure 5.24, as the stage at which lawsonite (and chlorite) break down, the 
wt.% water isopleths are closely spaced, displaying increased dehydration along a short P-T 
interval, across the “lawsonite-out” line. Note that much of the water release also occurs above in 
the lawsonite field, with increasing temperature. Given the nature of the whole rock/matrix 
pseudosection analysis, it is difficult to state at what point along the P-T path of the rock water 
was released, though, as Figure 5.24 shows, much of the water is released as the rock passes the 
“lawsonite-out” line. Qualitatively, roughly half of the volume of garnet is grown within a short 
span of time and early along the P-T evolution (difference in age between zones 1 and 2 is small 
and their ages are significantly older than the age of zone 3). If the garnet mode is fixed to 7% 
(roughly half the final garnet mode) and phases are predicted near the P-T of peak metamorphism 
for all phases on Sifnos (~2.2 GPa and 560°C; chapter 2 and Groppo et al., 2009), then the bulk 
water content is predicted to be ~ 4.5 wt.%. This signifies that while roughly 1.5 wt.% water is 
lost from the rock during isobaric heating, yet still nearly 3 wt.% water is lost during isothermal 
decompression. The implications of water release at certain stages of the metamorphic evolution 
of the rocks on Sifnos will be discussed in detail later. Overall, 4.26 wt.% water was released 
from the rock during a timespan of 4.05 ± 1.81 My. Combining the geochronology with the 
thermodynamic calculation of water release provides a minimum dehydration rate during 
prograde garnet growth of 1.3 x 10-9 moles H2O per cm3 of rock per year.  
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Sample 09DSF-46A: 
 Figure 5.25 shows that at the P-T condition determined for the initiation of garnet growth, 
the modal abundance of garnet is predicted to be 4.41 vol.%. By forcing the mode of garnet to be 
zero, the bulk water content of the rock at this pressure and temperature is predicted to be 2.32 
wt.%. Using the matrix pseudosection and predicted assemblages and chemistries, the bulk water 
content of the rock is predicted to be 0.94 wt.%, however again, this calculation takes into 
account the matrix only as little garnet is shown to be stable at this point. By forcing the 
calculation to include the final modal abundance of garnet (5.8 vol.%), the bulk water content at 
the termination of garnet growth can be recalculated, resulting in 0.87 wt.%. This signifies a loss 
of 1.45 wt.% water during garnet growth.  
 Using the differences in the predicted modal mineralogy between the beginning and end 
of garnet growth, the net garnet-forming (water-releasing) reaction is calculated to be:  
10.16 omphacite + 6.47 quartz + 1.58 lawsonite + 1.18 paragonite + 0.68 chloritoid + 0.04 rutile 
= 6.83 plagioclase + 1.50 epidote + 1.10 amphibole + 1.00 garnet + 3.16 water 
This reaction is highlighted by the breakdown of water-bearing phases lawsonite and chloritoid, 
culminating in a net garnet:water stoichiometric production ratio of 1:3.16. The water content of 
the bulk is diminished greatly by the breakdown of lawsonite, as shown in Figure 5.26. 
Performing a similar calculation as above, and in chapter 2, roughly 1.2 wt.% water is in the bulk 
rock upon isothermal decompression through the “lawsonite-out” line. This indicates that not all 
the water in the system is lost during the early stages of decompression during metamorphic 
evolution, and that roughly 0.35 wt.% (1.2 wt.% minus 0.87 wt.%) is lost sometime during the 
later stages of exhumation, prior to the rim of garnet growth (1.1 GPa and 550°C). As a check on 
the bulk water content for the end of growth, the analyzed loss on ignition (LOI) for the bulk 
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composition is higher, at 1.48 wt.% (Table 5.10). This may signify late stage water influx during 
retrogression, provided the LOI is an accurate measure for water content.  
 Overall, samples 09DSF-23E and 09DSF-46A lost 4.26 and 1.45 wt.% water, 
respectively, during garnet growth, through combined water loss during burial and exhumation, 
with a majority of water lost during the early stages of exhumation, lawsonite being the major 
water-releasing phase. In the next section, the implications for the timing and extent of water 
release of these lithologies, and those from chapters 2 and 3, are discussed.  
 
5.6 Discussion 
5.6.1 Timing and duration of garnet growth during subduction 
 Work from this study, along with that from chapters 2 and 3, have shown that garnet 
growth in subduction zones occurs at a duration far shorter than the overall timescale of 
subduction. Indeed, considering the timescales of orogenic events (30+ My), this period of 
metamorphism is very brief. Recent work in regional metamorphic settings (Ague and Baxter, 
2007; Pollington and Baxter, 2010; Vorhies and Ague, 2011) and subduction zone settings 
(Dragovic et al., 2012; John et al., 2012) have shown that metamorphism can occur at shorter 
timescales than previously thought. 
 Through the use of high precision zoned and bulk geochronology, constraints have been 
made on the timing, duration, and rate of garnet growth during subduction in Sifnos, Greece. To 
our knowledge, this is the first study to date the timing of prograde garnet growth during 
subduction zone metamorphism. Garnet growth ages, from a diverse set of lithologies, were 
measured in this study (Table 5.17 and Figure 5.19). While zoned garnets provide the greatest 
amount of information, the combination of zoned and bulk ages measured in this study have 
helped illuminate the nature of metamorphism during subduction. Use of the bulk ages show that 
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garnet growth metamorphism occurs during one relatively short timespan, rather than over a 
protracted time, and does not reflect multiple metamorphic events.  
 Few samples (or zones from samples) show metamorphism prior to 47 Ma. Between 47-
43 Ma, a bulk of the garnet growth metamorphism occurs on Sifnos. As shown in chapters 2 and 
3, with samples 06MSF-6C and 09DSF-1A, growth of large garnets (1.5 cm for 06MSF-6C and a 
bulk of the garnet grown in 09DSF-1A) may occur at timescales of tens to hundreds of thousands 
of years, orders of magnitude shorter than the larger-scale geologic process of subduction (10s of 
millions of years). Zoned geochronology is also able to show changes in the rate of growth, as 
shown by samples 09DSF-1A (chapter 3) and 09DSF-23E (this chapter). In sample 09DSF-1A, 
an over two order of magnitude acceleration in the rate of garnet growth occurs at ~45.5 Ma 
lasting for less than 0.8 My (Figure 3.9). For sample 09DSF-23E, the duration between zones 1 
and 2 is 0.85 My (happening at roughly the same time as most of garnet growth on Sifnos), while 
the duration between zones 2 and 3 is 3.2 My (Figure 5.7), either from a significant slowing of 
the rate of growth, or a period of relative quiescence, followed by an additional later pulse.  
 Prior to Dragovic et al. (2012 and chapter 2), Eocene HP metamorphism on Sifnos was 
confined to K-Ar, Rb-Sr, or Ar-Ar in white micas (48-41 Ma) that, in some cases, may have dated 
retrogression rather than prograde metamorphism (Altherr et al., 1989; Wijbrans et al., 1990; 
Forster and Lister, 2005). Here, zoned garnet geochronology provides evidence for HP conditions 
as early as ~53 Ma, only shortly after the initiation of subduction is believed to have occurred 
(60-55 Ma).  
5.6.2 Pressure-Temperature-time of subduction zone garnet growth 
 Combining the zoned and bulk garnet geochronology with rigorous thermodynamic 
analysis, a prograde subduction zone P-T path can be constructed (Figure 5.20). Zoned garnet 
ages from samples 06MSF-6C (chapter 2), 09DSF-1A (chapter 3), and 09DSF-23E (chapter 5) 
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and a bulk garnet age of sample 09DSF-46A (chapter 5) are combined with P-T estimates using 
both pseudosection analysis and thermodynamic forward modeling.  
 Within error, the ages seem to correspond broadly with the P-T conditions. While the 
core of sample 09DSF-23E is slightly than that of 06MSF-6C, it is predicted to have initiated 
growth at a more evolved portion of the P-T path. However, within error, the relative age at 
which each core may have grown can be switched. Sample 09DSF-46A has a P-T condition for 
the core of garnet growth that is at slightly lower pressures than would be expected, however, 
given the uncertainties in the bulk rock composition (ferric/ferrous content of the rock) and the 
mineral solution models used, core growth does seem to have occurred during near isobaric 
heating.  
 The results from the thermodynamic forward modeling approach for sample 09DSF-1A 
(chapter 3) fit fairly well with remainder of the data. Early garnet growth of the core (not shown 
in Figure 5.20) occurring at 53.4 ± 2.6 Ma leads to growth of zones 2 and 3 at 47.28 ± 0.16 Ma. 
Figure 5.20 shows the P-T condition of this pulse of garnet growth as 1.7 GPa and ~420°C, 
however, as shown in chapter 3, the P-T condition can be 1.56 GPa and ~400°C up to ~1.83 GPa 
and ~440°C. Finally, the third “pulse” of garnet growth in the sample corresponds to the period of 
near isobaric heating between 2.13 GPa and 492°C and 2.19 GPa and 550°C. The multi-point 
isochron ages used here (45.98 ± 0.21 Ma and 45.49 ± 0.19 Ma from gt1) fall slightly out of line 
with the core of 09DSF-23E and the rim of 06MSF-6C. One possible reason for this may the 
matrix used for determining the isochron ages from 09DSF-1A. While the use of the matrix may 
be helpful in determining the relative ages of garnet growth within one sample, comparison to 
other local lithologies may not be possible. In addition, while all samples are found within one 
discrete terrane, deformation is pervasive at near the upper marble contact, and it may be that 
these lithologies experienced slightly different P-T histories. Given the nature of the unit and the 
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lack of any evidence to the contrary, it is likely that these lithologies all underwent the same P-T 
history. Nevertheless, the discrepancies in relative ages between the samples on Sifnos do exist, 
but are very small considering the apparent dynamic nature of subduction zone metamorphism. 
 Figure 5.20 shows that the basic structure of the P-T path created by Groppo et al., 2009) 
is robust. Observing samples 09DSF-23E and 09DSF-46A alone, both lithologies could be 
interpreted to have undergone decompressional heating in a linear fashion. Rather, given the P-T-
t constraints placed on terrane by adding samples 06MSF-6C and 09DSF-1A, it becomes clear 
that the core of the growth of these two samples occurs during a period of near isobaric heating, 
followed by isothermal decompression. In addition, by combining the P-T path shown here, with 
those from Schmadicke and Will (2003), Trotet et al., (2001b), Ring and Layer (2003; not shown) 
and a hypothetical path from Forster and Lister (2005), it is possible to reconcile the exhumation 
path of the terrane. Using the data from this study, relatively isothermal decompression occurs on 
Sifnos, however, a “gap” in the P-T path is found between the peak P-T condition and the rim of 
09DSF-23E. A period of decompressional heating could have been followed by decompressional 
cooling, resulting in the P-T of the rim of 09DSF-23E. Ring and Layer (2003) call for cooling 
during decompression for rocks close to the upper marble contact. This mechanism involves the 
unit decoupling from the subducting plate, rising to mid-crustal levels until its buoyancy is zero 
(Sifnos is interpreted to be a continental margin sequence). As subduction continues below the 
rising HP rocks, heat is conducted into the subducting plate below, allowing for the rising slice to 
cool during exhumation. Both Ring and Layer (2003) and Trotet et al. (2001b) argue cooling 
during decompression for rocks close to the upper contact, with more isothermal decompression 
prevalent in rocks farther from the upper marble contact. As sample 09DSF-46A is found to be 
close to the upper marble contact (Figure 5.1), as evidenced by the deformational features in the 
rock, it should have taken on a path that involved greater cooling during decompression. This 
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discrepancy can be reconciled with the hypothesis of Forster and Lister (2005) that calls for 
periodic thermal pulses coinciding with “orogenic surges” during exhumation. This may explain 
the growth of the rim of garnet as such low pressures relative to the predicted P-T conditions of 
the rest of the terrane.  
 In order to put better constraints on the P-T path of the system, more information on the 
P-T conditions during the earlier stages of burial is needed. Either through the development of 
models appropriate for lower P-T garnet growth, or the modeling of samples that provide older 
garnet growth ages (09DSF-60A), better constraints on burial can be attained. As stated earlier, 
the period immediately after peak conditions can be better constrained with samples presumably 
with garnet growth ages between peak (46.46 ± 0.59 Ma) and lower pressure (42.50 ± 3.00 Ma).  
 
5.6.3 Interpretations on the burial and exhumation rate  
 In both chapters 2 and 3, causes for the near isobaric heating that is modeled were 
discussed. One possible cause for this feature of the P-T path may be detachment from the slowly 
descending slab into the subduction channel where temperature gradients are greater. This would 
involve a relative slowing of the burial rate upon detachment. Another possibility could be rapid 
heating through the mantle-decoupling depth (MDD) of 70-80 km where sharp thermal gradients 
driven by hot mantle flow have been shown in models (Wada and Wang, 2009; van Keken et al., 
2011; Wada et al., 2012). Evidence for this possibility could come from determination that the 
burial rate remains unchanged during this period of isobaric heating, as the subducting plate, 
moving at a somewhat constant rate, travels through the MDD, and the associated sharp thermal 
gradients. Using the P-T-t conditions from sample 09DSF-1A (thermodynamic forward 
modeling), crude constraints on the burial rate (and change in burial rate) can be made. Using the 
P-T condition and age of the core of garnet growth, and the assumption on the timing of initiation 
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of subduction (57.5 Ma) and the depth of initiation (trench depth of 8 km), an average burial rate 
(vertical component of subduction) of 5.1 km/Ma is calculated. Using the difference in P-T-t 
estimates of the core and zones 2/3 of sample 09DSF-1A, burial rate (now further along the 
subduction evolution) is calculated to be 4.9 km/Ma. This is roughly in line with the previous 
estimate. Again, using the difference between zones 2/3 to zone 4 (the third, final “pulse”), the 
burial rate increases to an average of 12.6 km/Ma. This may be explained by the presumably 
increasing dip angle during advanced subduction. However, when using the difference in P-T-t 
conditions for zone 4 to zone 9 (the final “pulse”) the burial rate drops to 4.6 km/Ma. Using these 
crude estimates on the burial rate, it may be that subduction of the terrane slowed during this 
period heating, suggesting that the model for slow thrusting during exhumation (Forster and 
Lister, 2005) may be applicable. More P-T work on early forming phases is necessary for further 
enlightenment on the period of near isobaric heating.  
 Exhumation on Sifnos is thought to have initiated as a result of an already thinned 
continental slice underplating the subduction hanging wall with subsequent subduction roll back, 
causing decompression and exhumation. Using the P-T-t constraints of the later forming garnets, 
crude constraints on the exhumation rate can also be made. Using the difference between the rim 
of 06MSF-6C and the age of 09DSF-46A 9presumed to be the rim based on REE zonation, see 
earlier discussion), an average exhumation rate of 11 mm/yr can be calculated. Using the rim of 
06MSF-6C and the rim of 09DSF-23E, an average exhumation rate of 8.7 mm/yr can be 
calculated. These are in line with exhumation rates calculated for Sifnos (Schmadicke and Will, 
2003) and neighboring islands, like Crete (Stockhert et al., 1999).   
 
5.6.4 Dehydration pulses during subduction  
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 Based on pseudosection analysis of a mafic blueschist and jadeite gneiss, water loss 
during garnet growth metamorphism was calculated to be 4.20 and 1.45 wt.%, respectively. These 
values are significantly higher than the values for water loss previously calculated in samples 
06MSF-6C (0.35 wt.%) and sample 09DSF-1A (0.4 wt.%). Figures 5.24 and 5.26 show that a 
significant amount of water loss occurs when crossing the lawsonite-out line during garnet 
growth. This was the case for samples 09DSF-46A and 09DSF-23E. As part of the garnet growth 
history does span across the lawsonite-out line, garnet geochronology can provide time 
constraints on this process. Figure 5.29 shows the dehydration history of the four lithologies that 
have gone through thermodynamic analysis for determining their P-T evolution. As has been 
discussed in chapters 2 and 3, and here, the major water-releasing phase during prograde 
subduction zone metamorphism of these rocks is lawsonite. This is evident in all lithologies 
tested. However, the major period during the P-T evolution at which all lawsonite breaks down is 
not recorded by samples 06MSF-6C and 09DSF-1A, as garnet ceases to grow before this point. 
And while samples 09DSF-23E and 09DSF-46A do record the timing across this reaction, the 
ages record metamorphism that occurs well into the isothermal decompression stage. Perhaps 
garnets with an intermediate age will record P-T-H2O conditions closer to, and including, this 
major water-releasing reaction. Also seen in Figure 5.29, is the immense amount of water that 
09DSF-23E loses during metamorphism, far greater than that of even 09DSF-46A. Perhaps the 
elevated CaO content (Figure 5.10) of 09DSF-23E relative to other rocks on Sifnos plays a part. 
An elevated CaO content of the rock will likely stabilize more lawsonite (a major Ca-bearing 
phase) during subduction allowing for water to be held to greater depths that would otherwise 
have been released from the sample earlier. Other phases that can contribute to water-release 
during garnet growth are chlorite, chloritoid, and to a lesser extent, sodic amphibole and white 
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mica (although phengite is thought to play a greater part in water release at greater depths, > 150 
km).  
 
5.6.5 Implications of pulsed water release during subduction  
 Throughout this work, it has been emphasized that a field-based approach to determining 
the extent and timescale of dehydration is important given the many assumptions that models and 
laboratory-based experiments make. To an extent, this study helps elucidate equilibrium-based 
assumptions on the evolution of metamorphic rocks during subduction, like the use of 
thermodynamic forward modeling. Estimates on the amount of water released during garnet 
growth are consistent smaller than the estimates made by other approaches (Kerrick and 
Connolly, 2001; Hacker et al., 2003; Hacker, 2008; van Keken et al., 2011). Perhaps this is due to 
a kinetic overstepping that takes place, allowing for water to travel deeper into the Earth before 
being released, if at all. On the other hand, because such a high volume of water is released 
during the lawsonite-out stage, exhumed slabs (or models of such environments) that cross the 
lawsonite-out line during burial, rather than exhumation like Sifnos, can provide better constraints 
on the depths of higher volumes of water. Nonetheless, this study has shown that high volumes of 
water release can be documented temporally using a field-based approach on exhumed sections of 
rock having undergone subduction. 
 
5.7 Conclusion 
 This work presents a compilation of high precision geochronology and thermodynamic 
analysis on subducted lithologies from Sifnos, Greece. High precision zoned and bulk mineral 
ages show that subduction-related garnet growth occurred over a short span of time, in brief 
pulses, rather than slow and continuous. The brevity of this garnet growth is remarkable given the 
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longer timescales of subduction. Garnet growth is generally pulsed, a majority of which occurs 
during a period of nearly isobaric heating between 2.19 – 2.23 GPa and 460 - 560°C. Burial (4.9 
– 12.6 km/Ma) and exhumation (8.7 – 11.3 mm/yr) rates can provide details on the geodynamics 
of subduction and exhumation, specifically as to the cause of the isobaric heating stage. 
  A variety of lithologies from the terrane release differing amounts of water, depending 
on factors like initial water content and bulk composition. Lawsonite is the major water releasing 
phase during this phase of pulsed garnet growth. Additional, higher volumes of water are released 
upon isothermal decompression as the lawsonite breakdown commences. Further work needs to 
be completed in order to provide P-T-t constraints on the breakdown of this phase during 
decompression, as a significant amount of water is released at this time. Applying a field-based 
geochronologic-thermodynamic approach has shown that geodynamic and laboratory models may 
overestimate the amount of dehydration during subduction, as water may travel to greater depths.  
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Table 5.1: Sm-Nd isotopic data for 09DSF-23E. 
 
Table 5.2: Sm-Nd isotopic data for 09DSF-46A. 
 
Table 5.3: Sm-Nd isotopic data for 09DSF-25A. 
 
Table 5.4: Sm-Nd isotopic data for 06MSF-2. 
 
Table 5.5: Sm-Nd isotopic data for 09DSF-36A. 
 
Table 5.6: Sm-Nd isotopic data for 09DSF-37A. 
 
Table 5.7: Sm-Nd isotopic data for 09DSF-38A. 
 
Table 5.8: Sm-Nd isotopic data for 09DSF-59A. 
 
Table 5.9: Sm-Nd isotopic data for 09DSF-60A. 
 
Table 5.10: Major element composition of whole rock and matrix for samples 09DSF-23E and 
09DSF-46A. 
 
Table 5.11: Trace element analysis of 09DSF-23E and 09DSF-46A. 
 
Table 5.12: Mineral modal analysis (from point count) of samples 09DSF-23E and 09DSF-46A.  
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Table 5.13: Average composition of matrix and inclusion minerals for 09DSF-23E. 
 
Table 5.14: Average composition of matrix and inclusion minerals for 09DSF-46A. 
 
Table 5.15: Representative garnet composition for 09DSF-23E. 
 
Table 5.16: Representative garnet composition for 09DSF-46A. 
 
Table 5.17: Sm/Nd ages for samples from Sifnos, Greece. 
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Table 5.1 
Sample  Sm (ppm) 
Nd 
(ppm) 
ng Nd 
loaded 
147Sm/ 
144Nd 
143Nd/ 
144Nd 
± 2 SE 
(abs) 
± 2 SE 
(ppm) 
                
garnet zone 1               
09DSF-23E gt1 zone 1 0.474 0.148 8.2 1.943 0.513075 0.000011 21 
09DSF-23E gt2 zone 1 0.410 0.109 3.5 2.277 0.5131865 0.0000092 18 
09DSF-23E gt3 zone 1 0.604 0.143 0.45 2.561 0.513345 0.000069 134 
        
 garnet zone 2       
 09DSF-23E gt1 zone 2 0.347 0.130 5.3 1.616 0.512967 0.000012 24 
09DSF-23E gt2 zone 2 0.322 0.133 4.1 1.468 0.512935 0.000011 22 
09DSF-23E gt3 zone 2 0.403 0.090 0.31 2.703 0.512116 0.000888 1735 
  
       garnet zone 3       
 09DSF-23E gt1 zone 3 0.042 0.045 1.1 0.5672 0.512675 0.000034 67 
09DSF-23E gt2 zone 3 0.116 0.062 2.9 1.132 0.5128042 0.0000098 19 
09DSF-23E gt3 zone 3 0.047 0.022 0.52 1.334 0.512886 0.000054 106 
        
 bulk garnet       
 09DSF-23 15HF 120C 0.453 0.926 55 0.2959 0.5125719 0.0000038 7.5 
09DSF-23E 30HF 120C 0.391 0.405 19 0.5843 0.512668 0.000036 70 
09DSF-23E 90HF 100C 0.149 0.041 3.7 2.194 0.5131336 0.0000086 17 
        
 whole rock/matrix       
 09DSF-23E WR aq1 8.66 25.3 42 0.2066 0.5125344 0.0000041 8.1 
09DSF-23E matrix aq1 6.09 32.5 20 0.1133 0.5125202 0.0000041 8.0 
  
       garnet powder       
 09DSF-23E gt1 z1 pwd 1.40 5.20 44 0.1625 0.5125340 0.0000061 12 
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Table 5.2 
Sample  Sm (ppm) 
Nd 
(ppm) 
ng Nd 
loaded 
147Sm/ 
144Nd 
143Nd/ 
144Nd ± 2 SE (abs) 
± 2 SE 
(ppm) 
        
garnet        
09DSF-46A no HF 0.947 0.228 0.79 2.515 0.512591 0.000045 88 
09DSF-46A 60HF 0.248 0.260 18 0.5775 0.5125463 0.0000041 8.0 
09DSF-46A 75HF 0.198 0.176 5.5 0.6804 0.512572 0.000026 50 
09DSF-46A 90HF 0.193 0.163 5.5 0.7178 0.512558 0.000023 45 
       
 whole rock       
 09DSF-46A WR  4.38 19.21 9.4 0.1381 0.5124201 0.0000037 7.1 
        garnet powder 
       09DSF-46A powder 1.32 4.70 6.1 0.1693 0.512444 0.000027 53 
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Table 5.3 
Sample  Sm (ppm) 
Nd 
(ppm) 
ng Nd 
loaded 
147Sm/ 
144Nd 
143Nd/ 
144Nd ± 2 SE (abs) 
± 2 SE 
(ppm) 
        
garnet        
09DSF-25A no HF 2.90 2.45 11 0.7158 0.5130658 0.0000070 14 
09DSF-25A 30HF 1.95 1.11 79 1.067 0.5131398 0.0000037 7.2 
09DSF-25A 60HF 1.87 0.577 48 1.960 0.513397 0.000013 25 
09DSF-25A 120HF 1.85 0.216 16 5.178 0.514352 0.000016 31 
       
 whole rock       
 09DSF-25A WR 6.08 18.26 52 0.2014 0.512913 0.000013 25 
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Table 5.4 
Sample  Sm (ppm) 
Nd 
(ppm) 
ng Nd 
loaded 
147Sm/ 
144Nd 
143Nd/ 
144Nd 
± 2 SE 
(abs) 
± 2 SE 
(ppm) 
        
garnet zones        
06MSF-2a zone 1 0.668 0.758 3.1 0.5334 0.512744 0.000014 27 
06MSF-2a zone 2 0.771 0.965 3.8 0.4836 0.5127076 0.0000087 17 
06MSF-2a zone 3 0.594 0.800 4.2 0.4489 0.5127177 0.0000079 15 
06MSF-2a zone 4 0.461 1.461 5.9 0.1910 0.5126377 0.0000066 13 
        bulk garnet 
       06MSF-2f 0.548 0.689 14 0.4814 0.5127152 0.0000081 43 
06MSF-2k 0.548 0.841 27 0.3937 0.5126944 0.0000055 45 
       
 
whole rock        
06MSF-2 whole d  8.40 47.5 137 0.1068 0.5126098 0.0000054 10 
        
garnet powders        
06MSF-2a zone 1 pwd 2.36 10.2 36 0.1401 0.5126113 0.0000072 14 
06MSF-2a zone 2 pwd 2.96 13.1 43 0.1368 0.5126175 0.0000061 12 
06MSF-2a zone 3 pwd 2.82 13.3 48 0.1278 0.5126164 0.0000062 12 
06MSF-2a zone 4 pwd 5.28 29.9 40 0.1068 0.5126082 0.0000046 8.9 
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Table 5.5 
Sample  Sm (ppm) 
Nd 
(ppm) 
ng Nd 
loaded 
147Sm/ 
144Nd 
143Nd/ 
144Nd 
± 2 SE 
(abs) 
± 2 SE 
(ppm) 
        
garnet zones        
09DSF-36A gt1 z1 0.113 0.0631 2.9 1.084 0.513121 0.000036 71 
09DSF-36A gt1 z2 0.155 0.0696 1.6 1.346 0.513284 0.000058 113 
09DSF-36A gt1 z3 0.090 0.0177 0.90 3.069 0.512973 0.000088 171 
   
 
    
bulk garnet        
09DSF-36A 30HF 0.154 0.0455 2.8 2.039 0.513188 0.000011 22 
09DSF-36A 60HF 0.155 0.0214 0.89 4.376 0.513936 0.000205 399 
       
 whole rocks/matrices       
 09DSF-36A matrix 1.88 6.02 8.8 0.1894 0.5126245 0.0000057 11 
09DSF-36A WR 1.77 3.90 28 0.2743 0.5126253 0.0000097 19 
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Table 5.6 
Sample  Sm (ppm) 
Nd 
(ppm) 
ng Nd 
loaded 
147Sm/ 
144Nd 
143Nd/ 144Nd ± 2 SE (abs) ± 2 SE (ppm) 
        
garnet        
09DSF-37A no HF 1.30 1.31 6.9 0.5991 0.512514 0.000014 28 
09DSF-37A 45HF 1.06 0.225 15 2.849 0.513168 0.000043 83 
09DSF-37A 60HF 1.08 0.161 5.8 4.061 0.513563 0.000010 20 
09DSF-37A 75HF 1.28 0.160 3.2 4.843 0.513587 0.000013 25 
     
 
 
 whole rock     
 
 
 09DSF-37A WR 4.50 19.70 20 0.1381 0.5123802 0.0000049 9.5 
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Table 5.7 
Sample  Sm (ppm) 
Nd 
(ppm) 
ng Nd 
loaded 
147Sm/ 144Nd 
143Nd/ 
144Nd ± 2 SE (abs) 
± 2 SE 
(ppm) 
        
garnet        
09DSF-38A 30HF 0.407 0.233 9.4 1.053 0.5131489 0.0000067 13 
09DSF-38A 60HF 0.315 0.101 5.5 1.884 0.513397 0.000026 51 
09DSF-38A 90HF 0.336 0.083 3.4 2.512 0.513589 0.000011 22 
 
 
     
 whole rock 
 
     
 09DSF-38A WR 3.04 8.97 5.1 0.2051 0.512892 0.000028 54 
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Table 5.8 
Sample  Sm (ppm) 
Nd 
(ppm) 
ng Nd 
loaded 
147Sm/ 
144Nd 
143Nd/ 
144Nd 
± 2 SE 
(abs) 
± 2 SE 
(ppm) 
        
garnet        
09DSF-59A no HF aq2 1.93 7.81 8.3 0.1496 0.512606 0.000018 35 
09DSF-59A no HF aq3 2.42 9.78 22 0.1496 0.512590 0.000011 21 
09DSF-59A 30HF 1.30 4.15 24 0.1890 0.5126133 0.0000059 11 
09DSF-59A 60HF 0.832 0.799 15 0.6300 0.5127624 0.0000074 14 
09DSF-59A 120HF 0.964 0.413 2.5 1.410 0.512968 0.000015 30 
09DSF-59A 180HF 0.277 0.090 4.2 1.866 0.513133 0.000017 33 
        whole rock       
 09DSF-59A WR aq1 4.14 20.7 31 0.1209 0.5126185 0.0000067 13 
09DSF-59A WR aq2 6.66 37.0 39 0.1090 0.512581 0.000010 19 
        garnet powder 
       09DSF-59A powder 6.38 37.9 276 0.1018 0.5125885 0.0000043 8.4 
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Table 5.9 
Sample  Sm (ppm) 
Nd 
(ppm) 
ng Nd 
loaded 
147Sm/ 
144Nd 
143Nd/ 144Nd ± 2 SE (abs) 
± 2 SE 
(ppm) 
        
garnet        
09DSF-60A no HF 0.152 0.086 3.6 1.064 0.513038 0.000011 21 
09DSF-60A 30HF 0.132 0.021 2.0 3.722 0.513816 0.000042 82 
09DSF-60A 45HF 0.078 0.012 2.7 3.959 0.5137284 0.0000091 18 
09DSF-60A 60HF 0.115 0.016 1.0 4.474 0.514066 0.000101 196 
09DSF-60A 120HF 0.088 0.013 0.52 4.217 0.514034 0.000047 92 
09DSF-60A 180HF 0.081 0.011 0.75 4.597 0.514271 0.000101 197 
     
   whole rock     
   09DSF-60A WR 1.97 6.07 11 0.1960 0.5127506 0.0000058 11 
        garnet powder 
       09DSF-60A powder 0.750 1.97 8.5 0.2305 0.512724 0.000020 38 
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Table 5.10 
wt.% 23E whole rock 23E matrixa 46A whole rock 46A matrixb 
SiO2 50.74 51.55 65.64 67.52 
TiO2 1.15 1.21 0.63 0.66 
Al2O3 17.94 16.69 15.66 15.40 
Fe(tot) 12.22 9.08 5.79 4.36 
cFeO 7.96 4.96 4.62 3.274 
cFe2O3 4.74 4.58 1.31 1.207 
MnO 0.16 0.02 0.10 0.02 
MgO 5.07 5.11 1.63 1.64 
CaO 8.80 9.43 5.97 5.73 
Na2O 2.85 3.02 3.82 4.05 
K2O 1.08 0.86 0.75 0.80 
LOI 2.10 n/a 1.48 n/a 
Total 100.49 97.41 100.12 100.30 
aMatrix analysis as analyzed by ICP-ES  
bMatrix analysis calculated by subtracting volumetrically-averaged garnet chemistry from 
whole rock chemistry (see text) 
cFerric/ferrous ratio estimated from mineral mode and chemistry (see text) 
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Table 5.11 
  09DSF-23E 09DSF-46A 
  ppm ppm 
 Sc 30.5 20.2 
 V 349 54.4 
 Cr 4.9 10.7 
 Ni 18.0 10.0 
 Cu 42.0 14.9 
 Zn 87.4 80.8 
 Ga 18.4 16.2 
 Rb 24.4 17.6 
 Sr 433 652 
 Y 17.0 32.7 
 Zr 88.2 86.0 
 Nb 20.3 8.5 
 Ba 259 184 
      
 La 33.4 19.4 
 Ce 65.0 40.0 
 Nd 28.7 21.2 
 Pb 10.8 12.6 
 Th 5.4 4.9 
 U 2.7 2.9 
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Table 5.12 
Phase Whole rock Matrix 
      
09DSF-23E     
Glaucophane 0.38 0.44 
Garnet 0.13 0 
Epidote 0.31 0.35 
Quartz 0.09 0.10 
Rutile 0.02 0.02 
Phengite 0.07 0.08 
Albite 0.01 0.01 
      
09DSF-46A     
Glaucophane 0.05 0.05 
Garnet 0.06 0.00 
Paragonite 0.08a 0.09a 
Phengite 0.08a 0.09a 
Epidote 0.02 0.03 
Zoisite 0.14 0.14 
Quartz 0.31 0.33 
Acmite 0.06b 0.06b 
Jadeite 0.18b 0.19b 
Sphene 0.02 0.02 
Plagioclase 0.01 0.01 
      
aWhite mica estimated to be 50% phengite and 
50% paragonite based on microprobe observation 
bSodic pyroxene estimated to be 75% jadeite and 
25% acmite based on microprobe observation 
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Table 5.13 
  phengite glaucophane chlorite omphacite epidote (inclusions) 
epidote 
(matrix) 
SiO2 52.67 56.24 26.15 53.22 36.93 37.24 
TiO2 0.19 0.03 0.04 0.04 0.09 0.12 
Al2O3 26.05 10.28 18.83 6.20 25.47 24.70 
FeO 2.66 10.23 26.35 13.93 9.05 9.04 
MnO 0.01 0.01 0.13 0.08 0.09 0.03 
MgO 3.76 10.86 15.29 5.73 0.05 0.31 
CaO 0.02 0.57 0.21 10.98 23.41 22.81 
Na2O 0.34 6.79 0.01 7.72 0.01 0.17 
K2O 9.95 0.02 0.01 0.00 0.00 0.00 
Total 95.68 95.03 87.01 97.92 95.10 94.42 
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Table 5.14 
  gl(matrix) gl (inclusions) ep ph pg 
jd/ 
acm omph jd 
SiO2 52.88 53.12 37.05 50.99 46.66 52.34 53.88 52.98 
TiO2 0.02 0.04 0.09 0.14 0.04 0.11 0.06 0.25 
Al2O3 10.31 8.35 25.32 25.18 35.84 13.35 8.22 18.83 
FeO 12.43 15.17 9.04 5.24 0.43 12.25 12.73 4.97 
MnO 0.08 0.11 0.15 0.02 0.01 0.04 0.04 0.06 
MgO 8.99 7.76 0.17 4.09 0.15 0.96 4.60 0.63 
CaO 0.43 3.26 22.81 0.01 0.19 1.97 10.52 1.15 
Na2O 6.96 7.09 0.15 0.24 6.06 12.99 8.16 13.13 
K2O 0.01 0.02 0.00 6.61 0.61 0.00 0.00 0.00 
Total 92.11 94.93 94.79 92.52 89.98 94.01 98.21 94.49 
 
gl = glaucophane; ep = epidote; ph = phengite; pg = paragonite; jd = jadeite; acm = acmite; omph 
= omphacite  
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Table 5.15 
  Core  Rim  Average 
        
09DSF-23E       
SiO2 32.19 32.89 32.97 
TiO2 0.17 0.10 0.13 
Al2O3 21.29 22.64 21.63 
Fe2O3 6.68 5.20 5.03 
FeO 24.55 26.45 26.75 
MnO 3.37 0.87 1.72 
MgO 1.07 2.29 1.61 
CaO 6.40 6.24 6.13 
Na2O 0.12 0.01 0.06 
Total 95.84 96.69 96.03 
XFe2+ 0.645 0.671 0.682 
XMg 0.050 0.104 0.073 
XMn 0.090 0.022 0.044 
XCa 0.215 0.203 0.200 
%Alm 57.9 61.1 62.6 
%Pyr 4.5 9.4 6.7 
%Sps 8.1 2.0 4.1 
%Grs 11.8 15.3 13.8 
%And 7.6 3.1 4.5 
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Table 5.16 
  Core  Rim  Average 
        
09DSF-46A       
SiO2 36.15 36.97 36.48 
TiO2 0.15 0.04 0.07 
Al2O3 20.41 21.14 20.64 
Fe2O3 2.69 2.16 2.41 
FeO 29.85 25.20 26.70 
MnO 1.87 2.20 1.37 
MgO 0.68 1.78 1.42 
CaO 8.01 10.64 10.07 
Na2O 0.03 0.00 0.03 
Total 99.84 100.13 99.19 
XFe2+ 0.690 0.570 0.614 
XMg 0.028 0.072 0.058 
XMn 0.044 0.050 0.032 
XCa 0.237 0.308 0.297 
%Alm 67.6 55.9 60.1 
%Pyr 2.8 7.0 5.7 
%Sps 4.3 4.9 3.1 
%Grs 17.6 26.5 24.4 
%And 5.6 3.7 4.7 
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Table 5.17 
Isochron Age (Ma) 2 SD Age 
uncertainty  
MSWD 2 S.E used for age  
          
09DSF-23E zone 1 46.95 0.61 2.2 0.0000060 
3 garnets + powder + matrix         
          
09DSF-23E zone 2 46.10 1.10 2.1 0.0000060 
2 garnets + matrix         
          
09DSF-23E zone 3 42.90 1.70 1.7 0.0000060 
3 garnets + matrix         
          
09DSF-23E (bulk age) 45.12 0.72 0.28 0.0000060 
3 garnets +matrix         
          
09DSF-46A 42.50 3.00 2.0 0.0000067 
3 garnets + powder + whole rock         
          
06MSF-2 43.80 3.60 0.77 0.0000062 
2 garnets + matrix         
          
09DSF-25A 44.11 0.55 0.33 0.0000062 
2 garnets + whole rock         
          
09DSF-36A 46.60 1.00 0.12 0.0000057 
2 garnets + matrix         
          
09DSF-37A 46.08 0.45 1.2 0.0000061 
3 garnets + whole rock         
          
09DSF-38A 46.10 1.20 0.02 0.0000048 
3 garnets + whole rock         
          
09DSF-59A 44.80 1.50 1.5 0.0000062 
2 garnets + whole rock         
          
09DSF-60A 49.60 1.20 2.4 0.0000042 
4 garnets + whole rock         
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Figure 5.1: Map of sample locations from the northern Eclogite-Blueschist Unit. See Figure 2.1 
for map of the entire island. 
 
Figure 5.2: Sample photographs for samples with which geochronology performed is discussed 
in chapter 5. 
 
Figure 5.3: Representative rim to core to rim traverse of garnet chemistry in sample 09DSF-23E. 
 
Figure 5.4: Representative rim to core to rim traverse of garnet chemistry in sample 09DSF-46A. 
 
Figure 5.5: Thin section photos of sample 09DSF-23E in plane and cross polarized light. (a) 
Interior of a large garnet crystal showing abundant inclusions.  Key inclusion phases are labeled.  
(b) representative matrix showing fabric defined by glaucophane, phengite, and rutile.  (c) large 
epidotes overprinting the matrix.  
 
Figure 5.6: Thin section (plane polarized light) and BSE images of 09DSF-46A. (a) Interior of 
garnet showing inclusion population. (b) Broken garnets “floating” in quartz vein. (c) BSE image 
of “matte” of jadeite rimmed by albite. Note the cluster of sphenes in the “matte.” (d) Inclusions 
of sphene near the rim of garnet. 
 
Figure 5.7: Multi-point isochrons of garnet zones in sample 09DSF-23E. 
 
Figure 5.8: Isochron for bulk data for 09DSF-23E. (a) Plot showing all isotopic data for 09DSF-
23E. (b) Multi-point isochron for bulk garnet data for 09DSF-23E. 
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Figure 5.9: Multi-point isochrons of garnet zones in sample 09DSF-46A. 
 
Figure 5.10: Multi-point isochrons of garnet zones in sample 09DSF-25A. 
 
Figure 5.11: Multi-point isochrons of garnet zones in sample 06MSF-2. 
 
Figure 5.12: Multi-point isochrons of garnet zones in sample 09DSF-36A. 
 
Figure 5.13: Multi-point isochrons of garnet zones in sample 09DSF-37A. 
 
Figure 5.14: Multi-point isochrons of garnet zones in sample 09DSF-38A. 
 
Figure 5.15: Multi-point isochrons of garnet zones in sample 09DSF-59A. 
 
Figure 5.16: Multi-point isochrons of garnet zones in sample 09DSF-60A. 
 
Figure 5.17: Pseudosection diagram for the whole rock chemistry of 09DSF-23E. Garnet 
chemical isopleths corresponding to observed core garnet chemistry (Table 5.15) are plotted 
(almandine = red, grossular = green, spessartine = blue); their intersection constrains the P-T of 
garnet nucleation.  Relevant phase fields along the PT trajectory are labeled. [(1) omph ph ctd gt 
law ta q ru; (2) omph ep ph ctd gt law q ru; (3) omph ep ph gt q ru; (4) omph chl ep ph ctd gt law 
q ru; (5) omph chl ep ph ctd gt q ru; (6) omph ep ph pg ctd gt q ru; (7) omph ep amph ph pg gt q 
ru mt; (8) omph ep amph pl ph gt q ru mt] [gt = garnet; jd = jadeite; omph = omphacite; amph = 
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amphibole; ph = phengite; pa = paragonite; pl = plagioclase; q = quartz; ru = rutile; ep = epidote; 
law = lawsonite; chl = chlorite; sph = sphene; mt – magnetite; ta = talc]. 
 
Figure 5.18: Pseudosection diagrams for chemistry of the matrix only (not including garnet) for 
sample 09DSF-23E.  Garnet chemical isopleths corresponding to observed rim garnet chemistry 
(Table 5.15) are plotted (almandine = red, grossular = green, spessartine = blue); their intersection 
constrains the P-T at the end of garnet growth.  Relevant phase fields along the PT trajectory are 
labeled.  [(1) omph ep ph pg ctd gt q ru; (2) omph ep ph pg gt q ru; (3) omph ep namph ph ctd q 
ru; (4) omph ep namph ph ctd law q ru] [gt = garnet; jd = jadeite; omph = omphacite;  namph 
=Na- amphibole; amph = amphibole; ph = phengite; pa = paragonite; pl = plagioclase; q = quartz; 
ru = rutile; ep = epidote; law = lawsonite; chl = chlorite; sph = sphene; mt – magnetite; ta = talc; 
stlp = stilpnomelane]. 
 
Figure 5.19:  Pseudosection for the whole rock chemistry of 09DSF-23E showing compositional 
isopleths for Fe (top left), Mn (top right), Mg (bottom left), and Ca (bottom right).  
 
Figure 5.20: Pseudosection diagram for the whole rock chemistry of 09DSF-46A. Garnet 
chemical isopleths corresponding to observed core garnet chemistry (Table 5.16) are plotted 
(almandine = red, grossular = green, spessartine = blue); their intersection constrains the P-T of 
garnet nucleation.  Relevant phase fields along the PT trajectory are labeled. [(1) jd ph gt ky law q 
ru; (2) jd ep ph gt ky q ru; (3) jd omph amph ph gt law chl q ru; (4) omph ph pg ctd gt law q ru; 
(5) omph amph ph pg gt law q ru; (6) ep amph pl ph gt q ru] [gt = garnet; jd = jadeite; amph = 
amphibole; ph = phengite; pa = paragonite; pl = plagioclase; q = quartz; ru = rutile; ep = epidote; 
law = lawsonite; chl = chlorite; sph = sphene; mt – magnetite; stlp = stilpnomelane; ky = kyanite]. 
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Figure 5.21: Pseudosection diagrams for chemistry of the matrix only (not including garnet) for 
sample 09DSF-46A.  Garnet chemical isopleths corresponding to observed rim garnet chemistry 
(Table 5.16) are plotted (almandine = red, grossular = green, spessartine = blue); their intersection 
constrains the P-T at the end of garnet growth.  Relevant phase fields along the PT trajectory are 
labeled.  [(1) omph jd namph ph gt law q ru stlp; (2) jd ph gt ky law q ru; (3) jd ep ph gt ky q ru; 
(4) omph ph pg ctd gt law q ru; (5) omph namph ph pg ctd gt law q ru; (6) jd omph namph ph ctd 
law q ru; (7) jd ep namph ph pg gt sph pl q; (8) ep namph ph pg gt pl q ru; (9) ep namph ph pl gt q 
ru] [gt = garnet; jd = jadeite; omph = omphacite;  namph =Na- amphibole; amph = amphibole; ph 
= phengite; pa = paragonite; pl = plagioclase; q = quartz; ru = rutile; ep = epidote; law = 
lawsonite; chl = chlorite; sph = sphene; mt – magnetite; stlp = stilpnomelane; ky = kyanite]. 
 
Figure 5.22: Pseudosection for the whole rock chemistry of 09DSF-46A showing compositional 
isopleths for Fe (top left), Mn (top right), Mg (bottom left), and Ca (bottom right).  
 
Figure 5.23: Garnet modal isopleths in 1 vol% increments for whole rock composition of 
09DSF-23E.  Garnet growth appears to have begun slightly after the predicted garnet-in 
indicating some critical overstepping for nucleation. Bold black line is the garnet-in line. 
 
Figure 5.24: Structurally bound water wt% contours in 0.2 wt% increments for unfractionated 
whole rock chemistry for 09DSF-23E. Note the high water loss near the lawsonite-out line (bold).  
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Figure 5.25: Garnet modal isopleths in 0.5 vol% increments for whole rock composition of 
09DSF-46A.  Garnet growth appears to have begun slightly after the predicted garnet-in 
indicating some critical overstepping for nucleation. Bold black line is the garnet-in line. 
 
Figure 5.26: Structurally bound water wt% contours in 0.1 wt% increments for unfractionated 
whole rock chemistry for 09DSF-46A. Note the high water loss near the lawsonite-out line (bold) 
and stilpnomelane-out (region in top left).  
 
Figure 5.27: Plot showing all zoned and bulk ages collected in this study for Sifnos, Greece. 
 
Figure 5.28: Summary of P-T history for all samples from Sifnos, Greece. Garnet ages are shown 
for each of the core (C) and rim (R) segments, as well as for parts of the path of 09DSF-1A. The 
orange line denotes the path used for the thermodynamic forward of sample 09DSF-1A (from 
chapter 3). For comparison, four recently published P-T trajectories for Sifnos are shown.  The 
thick, light grey P-T “envelope” is from Groppo et al. (2009) which we use to infer exhumation 
trajectory. Solid, dark grey P-T path is from Schmädicke and Will (2003). Dashed, light grey P-T 
path is from Trotet et al. (2001b). Blue, dashed line is a hypothetical P-T path showing the 
possibility of thermal pulses during exhumation from Forster and Lister (2005).  
 
Figure 5.29: Summary of dehydration during subduction in Sifnos, Greece. 09DSF-1A (orange 
line) shows three stages of water release, with the final pulse, happening during isobaric heating. 
All other horizontal colored lines (red = 06MSF-6C; blue = 09DSF-23E; green = 09DSF-46A) 
shows the total amount of water lost during the span of garnet growth. Inclined green and blue 
arrows show estimates for the dehydration history in between age estimates. These show that a 
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majority of dehydration likely occurred not during burial and heating, but during isothermal 
decompression. 
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APPENDIX A 
DATA FROM TOWNSHEND DAM COLLABORATIVE STUDY 
 
A.1 Introduction 
 This section details the scope, methods, and data associated with a large study performed 
in collaboration with Dr. Harold H. Stowell and his graduate student Matthew P. Gatewood from 
the University of Alabama, Department of Geological Sciences, Tuscaloosa, AL, and Dr. David 
M. Hirsch and his graduate student Rose Bloom from Western Washington University, Geology 
Department, Bellingham, WA. As the work from this study will result in a chapter for the 
dissertation of Matthew P. Gatewood, only the isotopic data performed at Boston University is 
shown here. All other work in this larger study will be presented in other theses and publications.  
 The goal of the larger study is evaluate the scale of chemical equilibrium in metamorphic 
rocks using major element zonation in garnet porphyroblasts and their respective Sm-Nd ages. As 
has been discussed in this dissertation, major element and age zonation in garnets can provide a 
record of the scale over which changes in pressure, temperature, and composition occur during 
metamorphism. The aim of this study is to evaluate the hypothesis that Mn growth zoning in 
garnet can be a proxy for age within a single bulk volume of rock. This approach provides a 
unique quantitative test for equilibrium in metamorphic rocks. A single bulk volume of rock was 
used, collected from the spillway at Townshend Dam, VT. This sample is the focus of a series of 
studies, all using the geochronology that was undertaken at Boston University by the author, with 
the help from Matthew P. Gatewood (University of Alabama). A study of the relationship 
between Mn content in garnet and age is being performed at the University of Alabama. A study 
on nucleation and growth rates within the bulk volume is being performed at Western 
Washington University. The 147Sm/144Nd garnet geochronology used in chapter 3 to determine the 
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dehydration rate during regional metamorphism at Townshend Dam is only part of the data 
shown here. 
 
A.2 Methods 
 The bulk volume was cut down to a size of 1.21 x 104 cm3. The sample was then sent to 
the University of Texas at Austin for High Resolution X-Ray Computed Tomography (HRXCT). 
The result of the HRXCT scan is a compilation of 518 image slices at a spacing of 0.75 mm. The 
combination of these slices (and rendering into 3D) provides the exact positioning of each of the 
garnet porphyroblasts used in these studies, and allows for precise sampling (Figure 4.3). The 
HRXCT scan was used to select the garnets suitable for Sm-Nd age determination and to 
determine their respective x-y-z position in the volume (the exact method of the extraction will be 
detailed in the study regarding nucleation and growth rates). The bulk volume was then cut into 
five smaller volumes, from which the garnets were extracted using a hydraulic drill core. The 
extracted cores were then serial sectioned to a 2 mm thick wafer for microprobe analysis and 
microdrilling for geochronology. A total of ten garnets were extracted from the bulk volume for 
zoned garnet geochronology.  
 Major element chemical contour maps were created by compiling a grid of electron 
microprobe analyses performed using a five spectrometer JEOL 8600 electron microanalyzer at 
the University of Alabama, Department of Geological Sciences. Grid spacings between points 
were between 300-500 μm. The electron microprobe was run at a 200 nA beam current with a 15 
keV accelerating voltage, and a spot size of 1 μm. Garnet grid analyses were contoured by their 
MnO wt.% and overlain onto scanned images of the wafer in order to determine the number and 
positions of the drill trenches. Determination of the size of each zone is made based partly on 
attempting to extract growth zones of roughly equivalent volume, expecting some loss during 
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both physical and chemical separation techniques, but more importantly, on the grain size and the 
expected overall Mn content of each zone. 
 Garnet zones were microdrilled using the New Wave MicroMill at Boston University. A 
total of thirty-nine zones were drilled from the ten garnets. Two bulk garnet separates were also 
analyzed, one separate consisting of three 1-mm-sized garnets (and associated matrices) and the 
other of four 3-4-mm-sized garnets (and associated matrices. These zones are collected, and 
subsequently hand crushed with a tungsten carbide percussion mortar and sieved to a size 
between 63 and 106 μm. Garnet from each zone was then magnetically separated using a Franz 
separator in order to remove minerals of very high (magnetite) and low (quartz and white mica) 
magnetic susceptibility. As the garnet fractions, at this point during preparation, have abundant 
inclusions that lend to difficulty in handpicking, an intermediate partial dissolution of the garnet 
fractions, involving 3 h in 7N nitric acid, is performed. The remaining fractions were then 
handpicked to remove single grain inclusions and visibly inclusion-rich garnet fragments. The 
finely powdered pan residues (called “powders” from this point forward) from the 
crushing/sieving process (< 63 μm) were analyzed separately from the coarser 63-106 μm size 
fraction. 
 After physical separation of the visible inclusion population, an additional chemical 
separation technique is employed in order to remove microscopic inclusions in garnet fragments. 
This technique preferentially removes inclusions from the 63-106 μm using a partial dissolution 
technique modified after Pollington and Baxter (2011). During this process, the garnet separates 
were kept in closed Teflon® beakers in a solution of 1:2 concentrated hydrofluoric acid: 1.5N 
hydrochloric acid for 60 min at 120°C, then in an open beaker in 2:1 concentrated perchloric acid: 
1.5N hydrochloric acid overnight at 130°C. Next, the separate is kept closed in 7N nitric acid for 
3h at 120°C. Finally, the sample is kept in concentrated sulfuric acid for 3h at 120°C. It should be 
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noted that some of the samples (TD09-14a gt3 zone 1, 2, 3 and TD09-14a gt4 zone 1 and 2) were 
kept in concentrated sulfuric acid for up to 48h at 180°C. This treatment led to the formation of a 
white paste that could not be removed, resulting in the low 147Sm/144Nd in these samples (causing 
poor age precision). The technique was modified to 3h in 120°C for all remaining samples. Many 
iterations of this chemical separation technique were performed, varying amounts of time in 
acids, the use of particular acids, and the temperatures used at each stage in order to optimize 
conditions like low sample loss (as garnet will ultimately get dissolved in this process) and high 
purity (garnet with high 147Sm/144Nd will lead to increased age accuracy and precision). 
 In addition, to the garnet separates, the powders for all microdrilled zones of sample 
TD09-14a underwent a partial dissolution procedure. This was completed in order to remove 
inclusions from the powders in an attempt to use the powders from each microdrilled zone as part 
of a multi-point isochron. These powders were kept closed in a Teflon® beaker in 7N nitric acid 
for 3h at 120°C. This process can remove oxides and REE-rich phosphates like monazite, thereby 
providing the potential for the powders to come closer to forming an isochron with the garnet and 
matrix. After the partial dissolution of the garnet separates and powders, these fractions and the 
associated matrix (a volume of non-garnet-bearing sample) and whole rock (uncleansed garnet + 
matrix) are completely dissolved using a procedure involving concentrated hydrofluoric acid, 
1.5N hydrochloric acid, and concentrated nitric acid.  
 All samples (cleansed separates, powders, matrices, and whole rocks) were treated with a 
mixed 147Sm-144Nd spike prior to loading through a three-stage column chromatography 
procedure (Harvey and Baxter, 2009). The first stage of the chemistry procedure involves passing 
the samples through a cation exchange resin in order to the remove iron from the sample, which 
otherwise would overwhelm the TRU-spec column while also inhibiting ionization of the sample 
during analysis. Rare earth elements are isolated with the use of a TRU-spec column. Finally, a 2-
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methyl lactic acid column chemistry procedure is used in order to separate both Sm and Nd in the 
sample. Three column blanks with in-house, distilled 2-methyl lactic acid run alongside all of the 
samples ranged from 1-2 pg of Sm and 6-23 pg of Nd, leading to high sample to blank ratios.  
 The samples were then analyzed at the Boston University TIMS (thermal ionization mass 
spectrometer) facility using a Thermo-Finnigan TRITON. Column separates of neodymium were 
loaded with 2 μl of H3PO4 and Ta2O5 activator slurry and were collected as NdO+ in static mode 
with amplifier rotation. These methods are further described in the text of Harvey and Baxter 
(2009). Our in-house Nd standard solution of Ames metal yielded a mean of 143Nd/144Nd = 
0.5121302 ± 0.0000075 (14.7 ppm, 2 RSD, n = 107). The reproducibility in 147Sm/144Nd is better 
than 0.023% based on repeat analyses of a mixed gravimetric normal solution with our calibrated 
in-house spike. The isotopic data collected in this study, including garnet separates, associated 
powders and matrices, and whole rocks are provided in Table A.1. 
 All 147Sm/144Nd ages are calculated from multi-point isochrons including the garnet, its 
associated powder, all matrices and whole rocks. Isochron ages are calculated using the program 
Isoplot (Ludwig, 2003). Multi-point isochron ages for this larger study are shown in Table A.2. 
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Table A.1 Sm-Nd isotopic data for TD09-14a. 
 
Table A.2 Sm-Nd garnet ages for TD09-14a. 
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Table A.1 
Sample  Sm (ppm) 
Nd 
(ppm) 
ng 
Nd 
load
-ed 
147Sm/ 
144Nd 
143Nd/ 
144Nd 
± 2 SE 
(abs) 
± 2 SE 
(ppm) 
TD09-14a gt3        
TD09-14b gt3 zone 1 0.251 0.099 2.4 1.537 0.515496 0.000014 28 
TD09-14b gt3 zone 2 0.114 0.101 16 0.6862 0.513238 0.000020 40 
TD09-14b gt3 zone 3 0.216 0.083 12 1.573 0.515437 0.000013 25 
TD09-14b gt3 zone 1 pwd 2.40 11.5 17 0.1265 0.5120043 0.0000070 14 
TD09-14b gt3 z1 unlch pwd 9.00 46.9 68 0.1160 0.5119756 0.0000060 12 
TD09-14b gt3 zone 2 pwd 3.20 15.5 23 0.1249 0.5119944 0.0000046 9.0 
TD09-14b gt3 zone 3 pwd 3.32 7.00 10 0.2867 0.5120962 0.0000077 15 
TD09-14a gt3 matrix 6.66 36.1 54 0.1115 0.5119649 0.0000063 12 
        
TD09-14a gt4        
TD09-14a gt4 zone 1 0.039 0.026 1.9 0.9182 0.513955 0.000051 99 
TD09-14a gt4 zone 2 0.343 0.151 24 1.372 0.515022 0.000011 22 
TD09-14a gt4 zone 3 0.646 0.158 35 2.467 0.5174453 0.0000078 15 
TD09-14a gt4 zone 3 pwd 2.25 8.56 14 0.1588 0.5120678 0.0000060 12 
TD09-14a gt4 matrix 8.51 44.5 70 0.1157 0.5119859 0.0000076 15 
        TD09-14a gt4b        
TD09-14a gt4b zone 1 0.229 0.182 5.4 0.7635 0.513577 0.000012 23 
TD09-14a gt4b zone 2 0.223 0.214 5.9 0.6316 0.513241 0.000019 36 
TD09-14a gt4b zone 3 0.339 0.275 1.4 0.7465 0.513559 0.000017 34 
TD09-14a gt4b zone 4 0.384 0.196 8.6 1.183 0.514594 0.000012 23 
TD09-14a gt4b zone 5 0.621 0.337 8.4 1.114 0.5144275 0.0000088 17 
TD09-14a gt4b zone 6 0.751 0.222 11 2.048 0.516703 0.000012 24 
TD09-14a gt4b z1 pwd 2.27 10.8 43 0.1272 0.5119873 0.0000055 11 
TD09-14a gt4b z2 pwd 2.07 9.89 40 0.1269 0.5120035 0.0000056 11 
TD09-14a gt4b z3 pwd 2.66 12.8 51 0.1251 0.5119742 0.0000067 13 
TD09-14a gt4b z4 pwd 2.68 12.5 49 0.1299 0.5119901 0.0000077 15 
TD09-14a gt4b z5 pwd 2.22 8.55 33 0.1569 0.5120608 0.0000057 11 
TD09-14a gt4b z6 pwd 1.74 5.90 23 0.1784 0.5121089 0.0000095 18 
TD09-14a gt4b matrix 6.92 35.9 36 0.1166 0.5119605 0.0000061 12 
        TD09-14a gt8        
TD09-14a gt8 zone 1 0.237 0.108 3.2 1.332 0.514988 0.000025 48 
TD09-14a gt8 zone 2 0.220 0.122 3.8 1.087 0.514331 0.000025 49 
TD09-14a gt8 zone 3 0.272 0.115 3.1 1.430 0.515169 0.000038 74 
TD09-14a gt8 zone 4 0.410 0.151 2.7 1.645 0.515686 0.000033 64 
TD09-14a gt8 zone 5 0.643 0.143 5.3 2.712 0.518358 0.000019 37 
TD09-14a gt8 zone 6 0.719 0.137 5.9 3.179 0.519470 0.000022 43 
TD09-14a gt8 z1 pwd 1.93 9.06 15 0.1286 0.511980 0.000011 22 
TD09-14a gt8 matrix 4.13 21.1 54 0.1181 0.5119409 0.0000070 14 
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Sample  Sm (ppm) 
Nd 
(ppm) 
ng 
Nd 
load-
ed 
147Sm/ 
144Nd 
143Nd/ 
144Nd 
± 2 SE 
(abs) 
± 2 SE 
(ppm) 
TD09-14a gt9        
TD09-14a gt9 zone 1 0.210 0.214 27 0.5961 0.5131142 0.0000075 15 
TD09-14a gt9 zone 2 0.263 0.162 16 0.9826 0.5141235 0.0000065 13 
TD09-14a gt9 zone 3 0.601 0.157 4.6 2.324 0.5174504 0.0000086 17 
TD09-14a gt9 z1 pwd 3.99 20.2 63 0.1198 0.5119700 0.0000045 8.8 
TD09-14a gt9 z2 pwd 4.61 23.2 72 0.1205 0.5119700 0.0000059 11 
TD09-14a gt9 z3 pwd 2.54 9.77 30 0.1575 0.5120576 0.0000060 12 
TD09-14a gt9 matrix 9.25 49.4 62 0.1133 0.5119501 0.0000045 8.8 
        
TD09-14a gt10        
TD09-14a gt10 zone 1 0.209 0.097 14 1.303 0.5144731 0.0000065 13 
TD09-14a gt10 zone 2 0.253 0.113 10 1.354 0.5149120 0.0000072 14 
TD09-14a gt10 zone 3 0.445 0.138 8.2 1.948 0.5164853 0.0000067 13 
TD09-14a gt10 zone 4 0.747 0.149 14 3.041 0.5186539 0.0000068 13 
TD09-14a gt10 z1 pwd 2.82 13.9 21 0.1231 0.5119842 0.0000085 17 
TD09-14a gt10 z2 pwd 2.71 13.2 9.3 0.1239 0.511969 0.000010 20 
TD09-14a gt10 z3 pwd 3.97 18.8 13 0.1278 0.5119902 0.0000077 15 
TD09-14a gt10 z4 pwd 2.60 10.3 7.2 0.1528 0.5120517 0.0000078 15 
TD09-14a gt10 matrix 3.62 19.4 52 0.1131 0.5119530 0.0000051 10 
        TD09-14a gt13        
TD09-14a gt13 zone 1 0.224 0.120 8.9 1.130 0.5144464 0.0000075 15 
TD09-14a gt13 zone 2 0.291 0.148 10 1.191 0.5146123 0.0000082 16 
TD09-14a gt13 zone 3 0.506 0.178 9.0 1.721 0.5159261 0.0000070 14 
TD09-14a gt13 zone 4 0.598 0.159 7.7 2.272 0.5172668 0.0000092 18 
TD09-14a gt13 z1 pwd 2.68 13.0 19 0.1250 0.511993 0.000010 19 
TD09-14a gt13 matrix 7.27 37.0 98 0.1188 0.5119445 0.0000050 10 
        
TD09-14a gt16        
TD09-14a gt16 zone 1 0.159 0.086 3.1 1.113 0.5144338 0.0000081 16 
TD09-14a gt16 zone 2 0.229 0.105 22 1.321 0.5148898 0.0000085 16 
TD09-14a gt16 zone 3 0.710 0.145 23 2.966 0.5188451 0.0000080 15 
TD09-14a gt16 z1 pwd 7.37 36.3 50 0.1230 0.5119656 0.0000036 7.1 
TD09-14a gt16 z2 pwd 10.0 50.0 108 0.1213 0.5119735 0.0000038 7.5 
TD09-14a gt16 z3 pwd 10.6 51.5 111 0.1251 0.5119790 0.0000036 7.0 
TD09-14a gt16 matrix 3.30 16.8 24 0.1188 0.5119504 0.0000050 10 
        
TD09-14a2 gt7        
TD09-14a2 gt7 zone 1 0.150 0.056 0.44 1.619 0.515721 0.000036 69 
TD09-14a2 gt7 zone 2 0.283 0.073 1.7 2.342 0.517479 0.000021 41 
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Sample  Sm (ppm) 
Nd 
(ppm) 
ng Nd 
loaded 
147Sm/ 
144Nd 
143Nd/ 
144Nd 
± 2 SE 
(abs) 
± 2 SE 
(ppm) 
TD09-14a2 gt7        
TD09-14a2 gt7 zone 3 0.682 0.144 10 2.872 0.5187501 0.0000073 14 
TD09-14a2 gt7 z1 pwd 6.09 30.6 23 0.1205 0.5119568 0.0000030 5.9 
TD09-14a2 gt7 z2 pwd 1.25 35.4 27 0.0214 0.5119639 0.0000026 5.2 
TD09-14a2 gt7 z3 pwd 7.91 36.9 27 0.1295 0.5119783 0.0000038 7.5 
TD09-14a2 gt7 matrix 6.67 33.8 52 0.1192 0.5119627 0.0000049 9.5 
        
TD09-14b gt3        
TD09-14b gt3 z1 pwd 8.70 43.2 194 0.1217 0.5119492 0.0000034 6.7 
TD09-14b gt3 z2 pwd 9.24 45.3 226 0.1234 0.5119689 0.0000029 5.6 
TD09-14b gt3 z3 pwd 6.28 28.9 26 0.1313 0.5120085 0.0000029 5.7 
TD09-14b gt3 matrix 6.05 30.4 44 0.1204 0.5119498 0.0000050 10 
        
other garnet 
      
 
TD09-14a 3-4mm gt 0.553 0.180 2.2 1.861 0.516264 0.000017 33 
TD09-14a 1mm gt 0.651 0.143 3.0 2.762 0.518467 0.000019 36 
TD09-14a 3-4mm mtx 6.93 34.6 39 0.1211 0.5119599 0.0000080 16 
TD09-14a 1mm mtx 5.97 31.4 35 0.1151 0.5119690 0.0000095 19 
        
whole rocks and matrices       
red1 WR 6.45 34.9 26 0.1117 0.5119535 0.0000091 18 
red2 WR 7.36 38.7 28 0.1152 0.5119509 0.0000087 17 
blue WR 9.16 48.6 37 0.1141 0.5119460 0.0000068 13 
violet WR 6.09 30.8 32 0.1197 0.5119450 0.0000051 10 
green WR 6.45 33.4 21 0.1167 0.511955 0.000011 21 
TD09-14a1 mtx 1 2.32 11.6 12 0.1209 0.511971 0.000011 22 
TD09-14a1 mtx 2 8.94 45.0 48 0.1203 0.511934 0.000014 27 
TD09-14a1 mtx 3 2.08 10.6 11 0.1189 0.5119621 0.0000081 16 
TD09-14a1 mtx 4 3.36 16.8 18 0.1207 0.511957 0.000011 22 
TD09-14a1 mtx 5 6.53 32.6 58 0.1210 0.5119400 0.0000070 14 
TD09-14a1 mtx 6 4.98 24.8 29 0.1214 0.5119644 0.0000052 10 
TD09-14a1 mtx 7 7.47 38.2 37 0.1184 0.5119554 0.0000081 16 
TD09-14a1 mtx 8 5.97 29.2 29 0.1236 0.5119562 0.0000076 15 
TD09-14a1 mtx 9 1.59 7.19 13 0.1335 0.511973 0.000010 19 
TD09-14a1 mtx 10 2.60 11.8 15 0.1337 0.511931 0.000018 35 
TD09-14a1 mtx 10a 4.27 21.8 78 0.1188 0.5119748 0.0000055 11 
TD09-14a1 mtx 10b 4.58 23.1 79 0.1198 0.5119637 0.0000054 11 
TD09-14a1 mtx 10c 4.56 23.0 79 0.1199 0.5119610 0.0000057 11 
TD09-14a1 mtx 11 7.14 37.4 46 0.1155 0.5119528 0.0000034 6.7 
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Table A.2 
Isochron Age (Ma) 2 SD Age 
uncertainty  
MSWD 
TD09-14a gt3       
TD09-14a gt3 zone 1 (+5 wr + 12 mtx) 391 20 14 
TD09-14a gt3 zone 2 (+5 wr + 12 mtx) 343.6 9.8 13 
TD09-14a gt3 zone 3 (+5wr + 12 mtx) 365.0 3.5 14 
TD09-14a gt3 zone 1 (+5 wr + 12 mtx + pwd) 391.0 20 16 
TD09-14a gt3 zone 2 (+5 wr + 12 mtx + pwd) 343.4 9.9 14 
TD09-14a gt3 zone 3 (+5 wr + 12 mtx + pwd) 363 15 269 
TD09-14a gt4       
TD09-14a gt4 zone 1 (+5 wr + 12 mtx) 380.0 12 14 
TD09-14a gt4 zone 2 (+5 wr + 12 mtx) 372.9 4.0 14 
TD09-14a gt4 zone 3 (+5 wr + 12 mtx) 356.7 2.0 14 
TD09-14a gt4 zone 3 (+5 wr + 12 mtx + pwd) 356.6 2.0 14 
TD09-14a gt4b       
TD09-14a gt4b zone 1 (+5 wr + 12 mtx) 382.6 7.8 14 
TD09-14a gt4b zone 2 (+5 wr + 12 mtx) 381.0 11 14 
TD09-14a gt4b zone 3 (+5 wr + 12 mtx) 388.4 8.7 14 
TD09-14a gt4b zone 4 (+5 wr + 12 mtx) 377.8 4.7 14 
TD09-14a gt4b zone 5 (+5 wr + 12 mtx) 378.3 4.9 14 
TD09-14a gt4b zone 6 (+5 wr + 12 mtx) 375.3 2.6 14 
TD09-14a gt4b zone 1 (+5 wr + 12 mtx + pwd) 382.6 7.6 14 
TD09-14a gt4b zone 2 (+5 wr + 12 mtx + pwd) 381.0 11 15 
TD09-14a gt4b zone 3 (+5 wr + 12 mtx + pwd) 388.4 8.4 14 
TD09-14a gt4b zone 4 (+5 wr + 12 mtx + pwd) 377.8 4.6 13 
TD09-14a gt4b zone 5 (+5 wr + 12 mtx + pwd) 378.3 4.7 13 
TD09-14a gt4b zone 6 (+5 wr + 12 mtx + pwd) 375.3 2.5 13 
TD09-14a gt8       
TD09-14a gt8 zone 1 (+5 wr + 12 mtx) 380.9 5.1 14 
TD09-14a gt8 zone 2 (+5 wr + 12 mtx) 373.8 6.3 14 
TD09-14a gt8 zone 3 (+5 wr + 12 mtx) 373.7 5.9 14 
TD09-14a gt8 zone 4 (+5 wr + 12 mtx) 372.6 4.6 14 
TD09-14a gt8 zone 5 (+5 wr + 12 mtx) 376.8 2.1 14 
TD09-14a gt8 zone 6 (+5 wr + 12 mtx) 374.8 1.9 14 
TD09-14a gt8 zone 1 (+5 wr + 12 mtx + pwd) 380.9 5.0 13 
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Isochron Age (Ma) 2 SD Age 
uncertainty  
MSWD 
TD09-14a gt9       
TD09-14a gt9 zone 1 (+5 wr + 12 mtx) 368.6 9.9 14 
TD09-14a gt9 zone 2 (+5 wr + 12 mtx) 382.2 5.6 14 
TD09-14a gt9 zone 3 (+5 wr + 12 mtx) 380.1 2.2 14 
TD09-14a gt9 zone 1 (+5 wr + 12 mtx + pwd) 368.5 9.6 13 
TD09-14a gt9 zone 2 (+5 wr + 12 mtx + pwd) 382.1 5.4 13 
TD09-14a gt9 zone 3 (+5 wr + 12 mtx + pwd) 380.1 2.1 13 
TD09-14a gt10       
TD09-14a gt10 zone 1 (+5 wr + 12 mtx) 324.2 3.9 13 
TD09-14a gt10 zone 2 (+5 wr + 12 mtx) 364.7 3.8 14 
TD09-14a gt10 zone 3 (+5 wr + 12 mtx) 377.7 2.6 14 
TD09-14a gt10 zone 4 (+5 wr + 12 mtx) 349.8 1.6 13 
TD09-14a gt10 zone 1 (+5 wr + 12 mtx + pwd) 324.1 3.8 13 
TD09-14a gt10 zone 2 (+5 wr + 12 mtx + pwd) 364.8 3.7 13 
TD09-14a gt10 zone 3 (+5 wr + 12 mtx + pwd) 377.7 2.5 13 
TD09-14a gt10 zone 4 (+5 wr + 12 mtx + pwd) 349.8 1.6 13 
TD09-14a gt13       
TD09-14a gt13 zone 1 (+5 wr + 12 mtx) 375.1 4.7 14 
TD09-14a gt13 zone 2 (+5 wr + 12 mtx) 377.6 4.5 14 
TD09-14a gt13 zone 3 (+5 wr + 12 mtx) 377.9 3.0 14 
TD09-14a gt13 zone 4 (+5 wr + 12 mtx) 376.2 2.3 14 
TD09-14a gt13 zone 1 (+5 wr + 12 mtx + pwd) 375.0 4.7 14 
TD09-14a gt16       
TD09-14a gt16 zone 1 (+5 wr + 12 mtx) 379.8 4.8 14 
TD09-14a gt16 zone 2 (+5 wr + 12 mtx) 371.9 4.0 14 
TD09-14a gt16 zone 3 (+5 wr + 12 mtx) 369.3 1.7 14 
TD09-14a gt16 zone 1 (+5 wr + 12 mtx + pwd) 379.9 4.7 13 
TD09-14a gt16 zone 2 (+5 wr + 12 mtx + pwd) 371.8 3.9 13 
TD09-14a gt16 zone 3 (+5 wr + 12 mtx + pwd) 369.2 1.6 13 
TD09-14a2 gt7       
TD09-14a2 gt7 zone 1 (+5 wr + 12 mtx) 382.6 4.9 14 
TD09-14a2 gt7 zone 2 (+5 wr + 12 mtx) 379.0 2.6 14 
TD09-14a2 gt7 zone 3 (+5 wr + 12 mtx) 376.5 1.7 14 
TD09-14a2 gt7 zone 1 (+5 wr + 12 mtx + pwd) 382.6 4.9 14 
TD09-14a2 gt7 zone 2 (+5 wr + 12 mtx + pwd) 377.3 8.9 244 
TD09-14a2 gt7 zone 3 (+5 wr + 12 mtx + pwd) 376.5 1.7 14 
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Isochron Age (Ma) 2 SD Age 
uncertainty  
MSWD 
TD09-14b gt3       
TD09-14b gt3 zone 1 (+5 wr + 12 mtx) 380.6 3.7 14 
TD09-14b gt3 zone 2 (+5 wr + 12 mtx) 379.5 2.9 14 
TD09-14b gt3 zone 3 (+5 wr + 12 mtx) 376.0 1.7 14 
TD09-14b gt3 zone 1 (+5wr + 12 mtx + 1 pwd) 380.5 3.8 16 
TD09-14b gt3 zone 2 (+5 wr + 12 mtx + pwd) 379.4 2.9 15 
TD09-14b gt3 zone 3 (+5 wr + 12 mtx + pwd) 375.9 7.7 301 
other garnet       
TD09-14a 3-4mm garnet (+5 wr + 12 mtx) 377.2 3.1 14 
TD09-14a 1mm garnet (+5 wr + 12 mtx) 375.9 2.1 14 
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APPENDIX B 
GARNET MICROSAMPLING TUTORIAL 
 
B.1 Introduction 
 This appendix details the approach taken to microsample large garnets in preparation for 
isotopic geochemistry for the use of differential geochronology. This section evolves from an 
older instruction guide, found in Appendix B of Pollington (2008), and is titled “Sample prep 
from hand sample to pure garnet.” Recent advances in the techniques of microsampling as well as 
troubleshooting tips are included in this text, as well. While this appendix is designed to provide a 
detailed tutorial on the steps for microsampling garnet, it should be in conjunction with proper 
training by advanced users/technicians of the microdrilling apparatus.  
 
B.2  Initial sample preparation  
 In order for the garnet to be accurately microdrilled, it must be cut into a roughly 2-2.5 
mm uniformly thick wafer. If the sample is large, a rough saw must be used so that the garnet 
(and the surrounding matrix) is no larger than the aluminum block used with the finer scale, 
Isomet saw. Cut the sample down so that only the garnet and the associated matrix, if possible, 
are remaining (Figure B.1). Cutting the wafer at a moderate speed (500 rpm) and moderate 
weight on the lever arm of the sample holder will ensure that the saw cuts the wafer evenly and 
smoothly. Please consult Ethan prior to the use of the Isomet saw.  
 Depending on whether a microprobe analysis is to be conducted prior to microsampling 
(to ensure that age zones are determined based on chemical zonation), a high “mirror” polish 
should be given to the garnet wafer. This is accomplished by polishing the surface of the wafer 
using increasingly fine suspended polishing solutions. First, the wafer should be ground to a 
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uniform thickness using increasingly fine-grained abrasive papers. If the wafer surface is rough, 
start with 220 paper and work to finer papers (400, 600, 1200) ending with the fine 1500 paper. 
After using the abrasive papers, continue to polish the wafer using diamond pastes of varying size 
fraction. Like the abrasive papers, start with the coarsest diamond size (15 µm), progressing 
towards finer grain sizes (6, 3, and 1 µm). Adhere a polishing cloth to a flat, glass plate. Apply 
the diamond paste onto the polishing cloth using a syringe. Squirt a little water onto the paste for 
added lubrication. Pressing on the wafer, make figure-eight shapes repeatedly until the use of that 
particular diamond paste grain size provides a uniform finish, with no additional “return on 
investment.” If the wafer is too large, using the fingertip to press down on the wafer may cause it 
to crack. In the case of a large wafer, mount the wafer onto a glass slide, and holding the glass 
slide on its side, polish the wafer. After a high, mirror polish has been obtained; the sample is 
ready for microprobe analysis.  
 
B.3  Chemical contouring  
 Prior to microprobe analysis, be sure to scan an image of the polished wafer, as this photo 
will form the basis of the later drilling setup. Include a scale while scanning the wafer. For 
work in this dissertation, microprobe analyses were performed using the JEOL Superprobe 8200 
at the Massachusetts Institute of Technology (MIT), Department of Earth and Planetary Sciences. 
Here, a grid of spot analyses can be created using the probe software available at MIT. Spot 
analyses should be carried out at an accelerating voltage of 15 kV, a probe current of 150 nA, and 
counting times of 5s for each of the four divalent cations (Fe, Ca, Mn, and Mg). The 
specifications of these analyses provide semi-quantitative chemical data with relatively 
poor precision; however, the precision of this data is adequate for the purpose of 
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microsampling. The major element data provides a qualitative assessment of chemical 
zoning in garnet although the actual concentrations will be inaccurate. 
 Once the microprobe data has been collected, a contour map needs to be created 
in order to make a determination of the age zonation based on the chemical zonation. A 
Matlab script was developed, and provided in Pollington (2008), for contouring 
microprobe analyses. See Pollington (2008) for this procedure. 
 
B.4  Digitizing the drill scans 
 Using the scan of the polished wafer and the contoured major element chemical 
data, determination of the trenches to be drilled can be made. To begin, the user will need 
a number of programs in order to import the proper data into the drilling software. These 
include Adobe Illustrator, NIH ImageJ, and Microsoft Excel.  
 First, open a new, blank template in Adobe Illustrator. Create a layer for the 
scanned image of the wafer. Lock this layer, as there will be no need to edit this scan in 
the future. Onto a new layer, place the .eps file of the chemical contour map. As the 
contour map is a combination of many line segments and text, ungrouping the image will 
allow the user to delete such items as text and the scale bar so that only the chemical 
contours remain on the layer. If reference points were created prior to the microprobe 
analysis, use these reference points and the overall shape of the chemical contour map to 
properly overlay the map onto the scanned image of the wafer. If points were not created, 
be careful to overlay the chemical contour map as accurately as possible over the scanned 
image.  
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 Create a new layer called “reference points.” At this point, it is necessary to locate 
three reference points on the sample. For the most precise coordination between the 
trenches digitized and what actually gets drilled, these points should be as far apart as 
possible from each and not be in a straight line. Also, the reference points should lie 
outside the extents of the proposed drill scans. Distinguishable features on the wafer, 
such as cracks, pits, previously drilled holes, inclusions, or grain boundaries provide good 
places for reference points. Keep in mind that these places on the wafer will need to be 
seen both through the Micromill microscope and on the computer screen. For each 
reference point, create a small square, as close to the size of one pixel. Make sure the 
square has a colored fill and no border. Once this point has been created; copy, paste, and 
place the other two reference points. The user may need to zoom in quite close in order to 
place the reference points, but this will ensure that the square will be more accurately 
placed on a distinguishable feature. The accuracy with which these reference points are 
placed will directly influence the accuracy of the drill lines. Please take time to place 
each point correctly. 
 When drawing the drill trenches, it is important to know how much garnet will be 
destroyed during the drilling of the trenches. For this each drawn drill trench should be 
shown to be as wide as the trench that would be created during drilling. As the drill bit is 
tapered, the thicker the wafer, the wider the drill trench will be. For a wafer that is 2-2.5 
mm thick, the associated drill trench that is created will be roughly 800 µm thick. Using 
the scale on the scanned image, draw a 1 mm line.  Scale the line 80% so as to make a 
line 800 µm long. Next, create a new line orthogonal to the first line. Change the pt. of 
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this line so that it is as thick as the first line (800 µm). This pt. size will be used for all 
drawn trenches.  
 Create a new layer called “1st trench.” Using pen tool, draw a line that will be the 
trench that the user wants to drill. As described earlier, determination of the optimal 
placement of the drill trenches should be based on both the chemical zonation in the 
garnet and the expected amount of Nd that will be analyzed in each zone (given an 
estimated level of sample loss). Repeat this exercise for all the proposed drill trenches 
(perhaps including a trench that separates the garnet rim from the matrix). For each of the 
drill trench lines, nodes must be placed along each “kink” or “bend” in the line. These 
will be the coordinates that the drilling software will follow (Figure B.2). The closer the 
nodes are to each other, the smoother the drill pattern can be, however, as will be 
discussed later, nodes that are too close to each will not be distinguishable from one 
another during calculation of the drill coordinates. Similar to the approach taken during 
creating the reference points, place small squares as each of these nodes, making the drill 
line nodes a different color that those of the reference points.  
 At this point, the user should have drill trenches drawn, separating each of the 
growth zones that will be age-dated. In addition, three reference points should be shown 
on the image. At this point, hide all of the layers in the file, leaving exposed only the 
reference points and all of the nodes of the drill trenches. Under File → Export, export 
the file as a portable network graphics file (.png). Save as type .PNG. This will save 
anything that is visible on the template (which should only be reference points and drill 
nodes).  
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 Now, the exported drill nodes and reference points need to assigned x-y 
coordinate values to be inputted into the drilling software. This will be accomplished 
using the program ImageJ. In ImageJ, open the .png file that was created in Illustrator. 
You will see that the nodes show up as the colors that they were given in Illustrator. For 
the analysis that you will be performing here, this file will need to be converted to an 8-
bit file. Go to Image → Type → 8-bit. This procedure reformats the image to one that is 
in grayscale. Then, go to Image → Adjust →Threshold. Using the slide bar on this tool, 
the user will be able to tell the program what is a node and what is blank space. Slide the 
bar until all the reference points and drill points, and only these points, are colored red. 
Here you will notice that if two points were too close to each other, the program may 
only see them as one point, in which case the user will have to go back to Illustrator to 
separate the points more (another way to ensure point separation is to export the points 
from Illustrator as a higher resolution .png file). When all points have been characterized 
as red, then press Apply. As the user will note, all points have been turned black, with 
everything else on the image turned white. Also, note that the bounding limits of the 
image have changed such that the reference points mark the extent of the image.  
 Now the x-y coordinates of each of the points can be calculated. Go to Analyze → 
Set Measurements. Here, select Center of Mass. Set Decimal Places to the highest value 
(9) and press OK. Next, go to Analyze → Analyze Particles. Size should be set to 0-
Infinity, Circularity should be set to 0.00-1.00, Show: Nothing, choose Display Results 
and Clear Results. Press OK.  
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 A new window will open with all the points and their respective x-y coordinates. 
The x-y coordinates are calculated as the center of mass of each of the squares created in 
Illustrator. The importance of creating squares as small as possible is made obvious here, 
as the smaller the square, the more accurate the calculation of the x-y coordinate. Look 
back at the original file in Illustrator and compare to make sure that the correct number of 
points has been measured by ImageJ. If there is a discrepancy between the two, perhaps 
the nodes were created too close to each other, or the thresholding did not illuminate 
enough of the nodes. Go back to make sure that all nodes are maintained throughout each 
stage of the digitizing process. If all nodes are represented in the table shown, in the 
Results window, go to File → Save As, and save the data as a Microsoft Excel file (the 
default name given is Results.xls).  
 Open the results of the x-y coordination in Microsoft Excel. Create an x-y scatter 
plot of the XM and YM values. Here, the reference points need to be separated from the 
drill nodes, and the points that make up the individual trenches need to be separated from 
each other as well. Note that the scatter of nodes in the Excel plot looks different than 
that from ImageJ. This is because the x-y coordinate origin (0,0) is upper left for ImageJ, 
while the origin (0,0) is bottom left for Microsoft Excel. To remedy this, right-click on 
the y-axis, and check the box that reads “Y values in reverse order.” This will flip the y-
axis such that the origin is now shown in the upper left of the scatter plot. By comparing 
the x-y scatter plot to the figure created in Illustrator, group the points by line (or 
reference points). You will notice that the points are sorted by XM value. This is 
unacceptable. The drilling software will read the points in the order they are presented to 
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the software, and the drill bit will move accordingly. Therefore, the order of the list of 
nodes is vitally important for the scans. Sort the points in order of desired drilling 
direction (i.e. clockwise along the perimeter of the drill scan). Manually check each point 
and move the x-y coordinates in order of drilling. Finally, if the user wants to drill out a 
complete loop (as is usually the case), one needs to copy the first data point and paste it 
also as the last data point. This ensures that the bit will drill back to the starting position. 
The scan will stop at the last node on the list; if this is not the same as the first node on 
the list, a complete loop will not be drilled out.  
 For each drill scan (i.e. drilled-out trench) a separate .txt file needs to be created. 
After arranging the points, copy and paste these points into a new tab in Excel. Make sure 
to save the file as a .txt file. This .txt file is the input that the drilling software will use to 
coordinate where to drill. An example of the appropriate format for the .txt file is shown 
in Figure B.3. Note that the first coordinate of the line scan is identical to the last 
coordinate of the line scan. Also note that a z-coordinate was included for each of the 
nodes (both reference points and line scans). Since the re-coordination into the MicroMill 
software is in 3-D, Z values are necessary. If the wafer is mounted flat, and the wafer is 
of relatively uniform thickness, the Z value should be the same for all points. Fill in the 
value 10 for the z-coordinate. The number itself is arbitrary. As long as the same value is 
used for all nodes, then the drill will assume a flat surface. 
 
B.5  Microdrilling preparation 
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  Once the sample is prepared for drilling and all points for the scan are created 
and coordinated in order, drilling can commence. The method used for drilling involves 
drilling through the wafer into a carbon block and plucking out the garnet annuli in one 
(or many) piece(s). The stage onto which the garnet will be attached is comprised of a 
metal plate, a Teflon® ring, and a carbon block (Figure B.4).  
 First, place the carbon block onto a hot plate and heat it up to a point at which 
crystal bond will melt. Next, apply some crystal onto the carbon and adhere the garnet 
wafer to the of one side of the carbon block. Place the MicroMill metal plate onto the hot 
plate and heat it up the point that crystal bond would melt on it. Melt a good covering of 
crystal bond onto the metal plate, as the crystal bond is going to need to form a watertight 
seal. When the plate is covered with crystal bond, place the carbon block with the sample 
attached on the center of the plate. The user will note that the lateral motion of the stages 
isn’t as big as the size of the sample plate, so the block should be centered on the plate.  
 At this point as well (while the crystal bond is still hot), the Teflon® ring should 
be placed onto the sample plate, around the carbon block (note that the dimensions of the 
carbon block needs to be smaller than the inner diameter of the Teflon® ring). It is 
crucial that a watertight seal is achieved between the Teflon® ring and the metal plate, as 
the Teflon® ring will be used to hold the water bath that will help lubricate the drilling 
process. The motorized stage of the MicroMill is underneath the plate during drilling. If 
water leaks, the motorized stage could be severely damaged.  
 Take the whole setup (plate, ring, block, and wafer) off the hot plate and place on 
the counter. At this point, quickly place a flat, heavy object on the Teflon® ring in order 
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to compress it (ensuring a watertight seal), and let the crystal bond set. Allow the crystal 
bond to set for at least 2.5-3 hours, and if possible, overnight.  
 After the crystal bond has set, drilling can commence. The NewWave MicroMill 
is designed to be a microsampling device for high resolution milling, combining 
submicron stage resolution and positional accuracy, real-time video observation, and 
custom-designed software for milling complex structures and patterns. The hardware 
consists of a camera mounted onto a microscope setup, with a dentist drill used to mill 
out patterns that are controlled by a motorized stage and a custom-designed software 
package (Figure B.5).  
 Turn on the MicroMill using the switch on the back right of the microscope. Next, 
open the MicroMill software on the computer associated with the MicroMill (should 
already be installed). A window will pop up and the user must click the “Stages 
calibrated.” This will move the motorized stages until calibrated. Close this window 
when complete.  
 The first order of business is loading a new drill bit. The drill bit used is a 
standard dentist drill bit. The manufacturer of the drill bit is Brasseler Instrumentation 
(order information shown later). Use a drill bit that has first been cleansed and 
ultrasonicated in isopropanol. Next, under Drill Setup, select Load Drill Bit (Figure B.6). 
Alternatively, one can click the drill icon on the interface (to the right of the joystick 
icon). Follow the onscreen instructions from the program for loading the drill bit. This 
will attempt to define where the tip of the drill bit is by plunging the drill bit onto a flat 
surface and slowly determining the distance between the drill tip and the stage. First, 
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mount the blank, black plate that is used for transmitted light (the one with the hole in the 
middle). The program works best if the drill tip is less than a millimeter above the sample 
plate when the loading program starts. The drill will not have to travel far before it 
contacts the plate, in this case.  
 Once the drill bit loading sequence is complete, change the plates, removing the 
blank plate and replacing it with the sample plate. First add some water into the Teflon® 
ring (temporarily) to see if the seal is watertight. If no leaks are found, drain the water out 
and attach the sample plate. Make sure the screws holding the sample plate are tight, as 
any movement during drilling will alter the line scan from what was coordinated, 
resulting in an inaccurate drill trench. Next, the surface thickness of the new sample plate 
will need to be defined. Under Sample Surface, select Define Flat Surface Thickness. 
Alternatively, the icon next to the drill bit icon can be clicked. Follow the procedure 
details in the Define Flat Surface window (Figure B.7).  
 Next, the x-y positioning of the motorized stage needs to be calibrated to the 
position of the crosshairs under the microscope. This is done so that while re-
coordinating the reference points, what is being looked at for visual reference is what the 
drill will actual move to upon milling. This process should be done before each line scan, 
as there will undoubtedly be some movement of the stage during drilling of the previous 
trench and during initial setup of the next trench. Move the drill (z position) all the way 
up. See the green arrows around the live video feed that control the x, y, and z position of 
the motorized stage and drill. Click the icon that says Drill. The user will notice that the 
motorized stage will move quickly over so that the drill is positioned over the sample, 
281 
 
and the drill will subsequently move down over the wafer. It is absolutely important to 
make sure the drill bit is raised before moving the stage between “Drill” and “Scope” 
positioning, as the drill bit may come into contact with the Teflon® ring. This would 
snap the ring off, and suspend operation until the Teflon ring can be re-attached. In 
addition, the drill bit may become bent as well. Go to Drill Setup and select Calibrate 
Drill XY Offset (Figure B.8). These instructions will first ask that a small hole be drilled 
somewhere on the wafer. Pick a part of the matrix or the outer part of the garnet. This 
procedure will have to be completed before each drill trench so space these holes apart 
from each other so as to avoid confusion. Drill a small hole into the sample and click 
Next. Then, move the stage over to Scope position (move the drill up first!). The user will 
notice that the crosshairs do not immediately line up with previous positioning of the drill 
(hence the need for calibration; Figure B.9a) Next move the crosshairs of the scope to the 
center of the drill hole (Figure B.9b), and click Next. If there is a problem seeing the live 
video feed on the desktop computer screen, a reflected light slide bar is located on the top 
right of the user interface. 
 Next, transfer the .txt file(s) onto the Microdrill desktop computer. Save the file(s) 
in your own folder within the data folder of the MicroMill program. This is located under 
My Computer → Hard Drive (C:) → Program Files → Merchantek → MicroMill → 
Data. Open the file on the computer to make sure all the points are in the right order as 
well as having a proper x-y-z coordinate for each drill node and reference point.  
 Import the scans by recalling the .txt file. This done by selecting File → Recall 
Scans (Figure x). The user will need the change the file type from MicroMill Experiment 
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File (*.MMS) to ASCII Experiment File (*.txt). The names of the scans will then be 
shown in the Defined Patterns list on the top left of the user interface. There should be a 
separate numbered line for the line and three reference points (Figure B.10).  
 The next step is to re-coordinate the digitized reference points and drill nodes 
onto the coordinate space of the drilling software. Click the Options button under the 
Defined Patterns list and click on Re-coordinate Scans. Click the 3-D option and then 
Next on the new window at the bottom left (Figure B.10). The 2-D coordination can only 
translate and rotate points, it can’t scale them. Make sure the stage is in Scope position 
here. It is important that the user know the order of the reference points that was inputted. 
In the next screen, the reference points are listed as 1-3, with a check box next to each 
(Figure B.11). Here, move the stage to the 1st reference point from the text file. Please 
make sure that while moving the stage, the drill bit never comes into contact with the 
Teflon® ring, causing any damage to the drill bit or snapping off the Teflon® ring. It is 
best to magnify the microscope to the greatest magnification (black knob on right side of 
microscope) and adjust the focus looking through the eyepieces rather than trying to do it 
on the monitor. To get a clearer view through the eyepieces, push the black rod on the 
right of the eyepieces that shuts off the view to the camera. Once the crosshairs are over 
the first reference point, make sure the image is focused, and check the box next to “Ref. 
Pt. #1.”  
 Repeat these steps for the 2nd and 3rd reference points. When all three points have 
been set, press Apply Recoordination (Figure B.12). The user should now see the scan 
placed as a green or yellow line on the sample where the drill trench should be. If any 
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changes need to be made to the drill trench, click the word “Line” on the Defined 
Patterns list. This will highlight the drill scan yellow (Figure B.13). At this point, the user 
can click and drag any of the drill nodes to a new position on the sample.  
 If the user is satisfied with the positioning of the drill scan, move the motorized 
stage back to Drill. Determine the flat surface thickness one more time by selecting 
Sample Surface and Define Flat Surface Thickness. After this, right click on “Line” in the 
Defined Patterns List, and click Properties. The settings that work well with drilling 
through a 2 mm thick wafer of garnet include: 50 passes, 50 µm/sec scan speed, 50 
µm/pass, and a drill speed of 100%. Uncheck the box for surface profile (Figure B.14). 
Click OK. Note that if the thickness of the wafer is greater than 2 mm, then the number of 
passes must increase. Make sure to make the number of passes multiplied by the distance 
per pass, greater than the thickness of the wafer, so that the user is ensured that the drill 
bit will go through the wafer and into the carbon block.  
 Below the Defined Patterns List window, select the Run Scans button. A new 
window will open (Figure B.15). Choose Selected Patterns Only. Set the drill plunge 
speed to 100 µm/sec. Check the box to Enable Drill During Scans. If this box is not 
checked, then the drill will not rotate during the scan.  
 Finally, fill the Teflon® ring with MilliQ water. Fill the water to the level of the 
drill bit where the diamond encrustation stops. If the reflected light is on, please turn it 
off now. The light will evaporate the water very quickly if it is on during the drill scan. 
Next, press Run (Figure B.15). The drilling procedure will start at this point. Stay with 
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the drill for at least one pass through the scan. The user should be able to hear a 
difference in the sound coming from the drill once it begins to contact the wafer.  
 Depending on the size and number of scans, the drilling could take anywhere 
from a few hours to days to complete. It is important that for longer scans, that the user 
checks the water level periodically, making sure there is always an adequate water level.  
 When the drilling is complete, raise the drill bit all the way up and detach the 
sample plate from the stage. If parts of the garnet annuli broke off the wafer during 
drilling, pluck them out using tweezers. Wash the powder of the wafer and the rest of the 
setup. If necessary, put the sample in the ultrasonic bath for an hour or so. Make sure the 
sample is relatively clean before the next step, as powder make become trapped in the 
crystal bond.  
 When the sample and setup is clean of any powder, put it on the hot plate to melt 
the crystal bond. When the crystal bond has melted slightly, pluck the garnet annuli from 
the wafer and put it into a glass dish containing acetone. Acetone will dissolve the crystal 
bond. Place the glass dish into the ultrasonic bath for roughly 10 minutes. While there is 
still acetone left in the glass dish pluck the garnet out and pat them dry with a Kimwipe®. 
If the user waits until the acetone has dried off, acetone precipitate onto the garnet annuli, 
and the sample will have to be cleaned again. Weigh the clean, garnet annuli, and 
continue with sample preparation techniques for geochronology. Repeat drilling steps for 
all subsequent zones to be drilled.  
 
B.6  Other important notes and ordering information 
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 These instructions assume the user has read the MicroMill Operator’s Manual, in 
particular Ch.4 (Controls and Operations). Much of the manual’s details offer methods 
for setting up and calibrating the MicroMill. These settings should not change over time, 
but it may be worthwhile to recalibrate settings every few years, or particularly if the drill 
is moved. Please follow all instructions in the operating manual regarding use and 
maintenance.  
 To order new drill bits, contact Brasseler USA Dental Instrumentation. The order 
number for the drill bits is: 852.11.012. It is classified as a diamond tipped medium-sized 
needle.  
Website: http://www.brasselerusa.com/brass/index.cfm 
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Figure B.1 Photograph of wafer on aluminum block  
 
Figure B.2 Nodes placed on drill trench in Adobe Illustrator  
 
Figure B.3 Example of .txt file as input into drilling software 
 
Figure B.4 Photograph of microdrill setup, including metal plate, Teflon® ring, carbon block 
  and wafer 
 
Figure B.5 Photograph of New Wave MicroMill setup 
 
Figure B.6 Microdrill user interface showing “Load Drill Bit” window 
 
Figure B.7 Microdrill user interface showing “Define Flat Sample Surface” window 
 
Figure B.8 Microdrill user interface showing “Calibrate Drill XY Offset” window 
 
Figure B.9 Microdrill user interface showing a) off-center crosshairs, and b) aligned   
  crosshairs on drilled hole 
 
Figure B.10 Microdrill user interface showing 3-D Recoordination window 
 
Figure B.11 Microdrill user interface showing Reference points 
 
Figure B.12 Microdrill user interface showing “Apply Recoordination” window 
 
Figure B.13 Microdrill user interface showing drill scan colored  
 
Figure B.14 Microdrill user interface showing drill scan properties window 
 
Figure B.15 Microdrill user interface showing “Run Scan” window 
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REF   
9 1744.5 10 
615.5 9.5 10 
1742.5 1325 10 
LINE   
731.5 370 10 
944.5 413 10 
1234.5 556 10 
1344.5 1039 10 
1201.5 1352 10 
1078.5 1525 10 
926.5 1589 10 
706.5 1570 10 
458.5 1455 10 
394.5 1347 10 
335.5 1034 10 
295 820 10 
491.5 505 10 
731.5 370 10 
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296 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B.10  
297 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B.11  
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Figure B.15 
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APPENDIX C 
ELECTRON MICROPROBE DATA FOR SAMPLES FROM SIFNOS, GREECE 
 
Table C.1 
09DSF-1A epidote chlorite phengite paragonite 
SiO2 38.54 24.68 49.83 48.95 
TiO2 0.14 0.04 0.12 0.03 
Al2O3 27.73 19.50 28.98 38.92 
FeO 7.09 39.33 5.76 0.63 
MnO 0.09 0.65 0.03 0.01 
MgO 0.01 2.81 0.78 0.04 
CaO 23.08 0.08 0.01 0.10 
Na2O 0.01 0.10 0.43 5.64 
K2O 0.00 0.82 9.80 0.82 
Total 96.71 88.01 95.76 95.16 
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Table C.2 
06MSF-6C jadeite 
SiO2 56.90 
TiO2 0.03 
Al2O3 14.97 
FeO 12.90 
MnO 0.01 
MgO 0.58 
CaO 0.83 
Na2O 12.55 
K2O 0.00 
Total 98.76 
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Table C.3 
09DSF-23E phengite glaucophane chlorite omphacite epidote (inclusions) epidote (matrix) 
SiO2 52.67 56.24 26.15 53.22 36.93 37.24 
TiO2 0.19 0.03 0.04 0.04 0.09 0.12 
Al2O3 26.05 10.28 18.83 6.20 25.47 24.70 
FeO 2.66 10.23 26.35 13.93 9.05 9.04 
MnO 0.01 0.01 0.13 0.08 0.09 0.03 
MgO 3.76 10.86 15.29 5.73 0.05 0.31 
CaO 0.02 0.57 0.21 10.98 23.41 22.81 
Na2O 0.34 6.79 0.01 7.72 0.01 0.17 
K2O 9.95 0.02 0.01 0.00 0.00 0.00 
Total 95.68 95.03 87.01 97.92 95.10 94.42 
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Table C.4 
09DSF-38A phengite glaucophane chlorite jadeite paragonite epidote 
SiO2 52.67 56.42 26.15 56.94 48.78 38.17 
TiO2 0.19 0.00 0.04 0.22 0.01 0.05 
Al2O3 26.05 14.32 18.83 17.32 39.39 26.75 
FeO 2.66 8.70 26.35 9.33 0.74 9.73 
MnO 0.01 0.00 0.13 0.02 0.00 0.07 
MgO 3.76 3.46 15.29 0.50 0.20 0.06 
CaO 0.02 5.79 0.21 1.12 0.10 22.41 
Na2O 0.34 10.25 0.01 12.71 6.34 0.01 
K2O 9.95 0.00 0.01 0.00 0.77 0.01 
Total 95.68 98.94 87.01 98.17 96.33 97.25 
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Table C.5 
09DSF-46A gl (matrix) gl(inclusions) ep ph pg 
jadeite/ 
acmite omphacite jadeite 
SiO2 52.88 53.12 37.05 50.99 46.66 52.34 53.88 52.98 
TiO2 0.02 0.04 0.09 0.14 0.04 0.11 0.06 0.25 
Al2O3 10.31 8.35 25.32 25.18 35.84 13.35 8.22 18.83 
FeO 12.43 15.17 9.04 5.24 0.43 12.25 12.73 4.97 
MnO 0.08 0.11 0.15 0.02 0.01 0.04 0.04 0.06 
MgO 8.99 7.76 0.17 4.09 0.15 0.96 4.60 0.63 
CaO 0.43 3.26 22.81 0.01 0.19 1.97 10.52 1.15 
Na2O 6.96 7.09 0.15 0.24 6.06 12.99 8.16 13.13 
K2O 0.01 0.02 0.00 6.61 0.61 0.00 0.00 0.00 
Total 92.11 94.93 94.79 92.52 89.98 94.01 98.21 94.49 
 
gl = glaucophane; ep = epidote; ph = phengite; pg = paragonite  
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Table C.6 
09DSF-54A phengite glaucophane omphacite epidote (inclusions) 
epidote 
(matrix) 
SiO2 54.05 56.86 54.06 37.98 39.20 
TiO2 0.11 0.02 0.05 0.07 0.06 
Al2O3 25.22 9.50 6.49 25.23 24.36 
FeO 4.30 14.87 17.95 11.30 11.57 
MnO 0.00 0.03 0.06 0.06 0.02 
MgO 3.57 8.89 3.74 0.01 0.31 
CaO 0.01 0.35 7.33 23.30 21.40 
Na2O 0.38 6.72 9.22 0.00 0.63 
K2O 7.46 0.03 0.01 0.01 0.00 
Total 95.10 97.27 98.89 97.96 97.56 
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Table C.7 
09DSF-59A phengite Ca-Na amphibole omphacite 
SiO2 51.73 50.86 50.86 
TiO2 0.19 0.04 0.04 
Al2O3 22.88 9.04 9.04 
FeO 2.45 6.43 6.43 
MnO 0.01 0.14 0.14 
MgO 4.84 7.81 7.81 
CaO 0.01 13.09 13.09 
Na2O 0.19 6.84 6.84 
K2O 8.52 0.01 0.01 
Total 90.96 94.35 94.35 
 
  
309 
 
Table C.8 
09DSF-60A phengite glaucophane omphacite epidote 
SiO2 49.90 56.40 54.22 37.53 
TiO2 0.11 0.00 0.05 0.063 
Al2O3 26.80 10.51 8.90 25.81 
FeO 4.61 13.01 12.91 10.68 
MnO 0.02 0.01 0.05 0.0569 
MgO 2.93 9.39 4.91 0.0567 
CaO 0.02 0.40 8.31 22.8 
Na2O 0.35 6.74 8.74 0.0419 
K2O 8.32 0.03 0.01 0.0169 
Total 93.05 96.48 98.12 97.1053 
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APPENDIX D 
SAMPLE PREPARATION WEIGHTS 
 
Table D.1 
Sample  Post-drilling mass (mg) 
140-250 
C/S 
(mg) 
pan 
C/S 
(mg) 
> 0.4A 
LO franz 
(mg) 
< 0.4A 
HI franz 
(mg) 
Post-
handpick 
(mg) 
TD09-14b gt3 zone 1 358.5 75.0 227.7 N/A 65.6 54.7 
TD09-14b gt3 zone 2 946.6 164.7 640.4 20.7 150.8 129.7 
TD09-14b gt3 zone 3 732.8 179.8 463.7 5.2 160.2 118.5 
      
 
TD09-14a2 gt7 zone 1 105.1 51.6 23.1 5.3 41.3 32.66 
TD09-14a2 gt7 zone 2 344.9 78.1 213.5 11.0 63.1 53.95 
TD09-14a2 gt7 zone 3 596.2 239.8 244.5 29.5 187.0 146.22 
      
 
TD09-14a gt3 zone 1 343.6 184.4 103.5 17.9 149.0 118.66 
TD09-14a gt3 zone 2 759.4 398.4 256.5 26.7 338.9 312.88 
TD09-14a gt3 zone 3 712.6 378.8 266.1 33.4 312.2 289.35 
       TD09-14a gt4 zone 1 342.0 197.3 106.1 2.0 122.4 130.48 
TD09-14a gt4 zone 2 653.1 362.1 190.4 2.0 326.3 292.26 
TD09-14a gt4 zone 3 973.2 511.2 302.9 19.8 443.0 426.11 
       TD09-14a gt4b zone 1 257.6 117.1 89.7 2.8 110.8 N/A 
TD09-14a gt4b zone 2 did not weigh 97.5 93.4 4.7 93.9 N/A 
TD09-14a gt4b zone 3 68.1 31.4 17.3 2.7 28.7 N/A 
TD09-14a gt4b zone 4 451.8 199.1 184.3 4.2 183.5 N/A 
TD09-14a gt4b zone 5 194.9 84.1 76.1 1.9 77.7 N/A 
TD09-14a gt4b zone 6 453.1 172.5 206.4 24.0 136.6 N/A 
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Sample  Post-drilling mass (mg) 
140-250 
C/S (mg) 
pan 
C/S 
(mg) 
> 0.4A LO 
franz (mg) 
< 0.4A HI 
franz 
(mg) 
Post-
handpick 
(mg) 
TD09-14a gt8 zone 1 284.0 131.1 98.6 19.8 103.0 77.4 
TD09-14a gt8 zone 2 231.8 111.6 72.6 14.7 86.9 77.6 
TD09-14a gt8 zone 3 192.2 84.8 63.5 6.0 64.2 60.7 
TD09-14a gt8 zone 4 122.0 59.7 36.7 2.9 52.1 47.6 
TD09-14a gt8 zone 5 253.3 115.7 80.3 2.7 88.7 85.9 
TD09-14a gt8 zone 6 299.6 135.0 89.1 21.1 100.0 88.0 
       TD09-14a gt9 zone 1 717.0 337.6 289.8 5.2 320.7 N/A 
TD09-14a gt9 zone 2 707.1 313.7 285.7 13.6 287.6 N/A 
TD09-14a gt9 zone 3 323.7 128.1 129.5 3.1 119.1 N/A 
       TD09-14a gt10 zone 1 595.3 329.9 207.9 34.5 284.3 N/A 
TD09-14a gt10 zone 2 470.2 265.4 148.5 55.6 202.8 N/A 
TD09-14a gt10 zone 3 353.2 188.0 155.2 32.7 148.3 N/A 
TD09-14a gt10 zone 4 505.2 250.2 189.7 53.5 180.1 N/A 
       TD09-14a gt13 zone 1 512.2 242.8 210.8 40.6 193.6 N/A 
TD09-14a gt13 zone 2 431.2 221.1 165.5 56.5 158.1 N/A 
TD09-14a gt13 zone 3 479.0 210.1 159.5 27.6 172.9 N/A 
TD09-14a gt13 zone 4 509.1 241.5 171.9 70.6 159.7 N/A 
       TD09-14a gt16 zone 1 296.6 149.0 97.5 10.2 128.8 69.2 
TD09-14a gt16 zone 2 936.7 446.8 349.5 7.8 422.2 417.0 
TD09-14a gt16 zone 3 840.0 401.7 298.4 15.1 309.8 316.9 
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Sample  
Post-
drilling 
mass (mg) 
140-250 
C/S 
(mg) 
pan 
C/S 
(mg) 
> 0.4A 
LO franz 
(mg) 
< 0.35A 
HI franz 
(mg) 
0.35-0.4 
franz 
(mg) 
Post-
handpick 
(mg) 
1st gt zone 1 798.7 304.5 430.8 131.1 12.0 158.5 143.0 
1st gt zone 2 487.7 174.7 253.2 25.8 8.1 138.7 128.4 
1st gt zone 3 784.0 366.8 338.1 60.0 47.8 252.8 227.6 
1st gt zone 4 1036.4 447.6 494.0 121.5 52.1 261.9 223.8 
1st gt zone 5 729.9 306.3 324.8 126.1 18.0 159.0 114.0 
1st gt zone 6 1121.7 472.8 521.6 165.2 21.6 286.9 197.2 
1st gt zone 7 658.0 267.8 295.2 65.8 5.3 185.5 156.0 
1st gt zone 8 980.6 429.7 464.8 145.0 12.3 264.3 200.9 
1st gt zone 9 1009.7 405.5 502.2 120.6 45.8 152.8 121.8 
1st gt zone 10 1227.7 528.7 547.1 129.9 50.2 250.1 168.3 
 
       
2nd gt zone 1 240.2 109.1 96.2 9.4 3.8 77.5 76.7 
2nd gt zone 2 274.3 105.0 106.8 12.0 15.0 92.2 86.5 
2nd gt zone 3 466.6 166.4 232.4 34.7 2.0 121.2 N/A 
2nd gt zone 4 224.2 84.4 89.1 31.4 0.0 50.3 N/A 
2nd gt zone 5 364.2 201.6 162.8 65.6 21.2 125.8 122.4 
2nd gt zone 6 488.7 192.5 230.6 71.4 4.2 112.9 N/A 
2nd gt zone 7 632.2 223.9 301.0 84.9 2.7 122.1 N/A 
2nd gt zone 8 710.8 300.0 334.6 104.9 3.4 186.0 N/A 
2nd gt zone 9 1375.4 569.6 671.9 275.2 53.8 226.2 238.6 
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Sample  
Post-
drilling 
mass (mg) 
140-250 
C/S 
(mg) 
pan 
C/S 
(mg) 
> 0.4A LO 
franz (mg) 
< 0.4A 
HI franz 
(mg) 
Post-
handpick 
(mg) 
06MSF-6C gt1 zone 1 162.2 75.1 59 did not weigh 68.7 61.7 
06MSF-6C gt1 zone 2 191.1 106.2 55.7 did not weigh 87 82.5 
06MSF-6C gt1 zone 3 346.9 191.7 115.2 did not weigh 159.8 135.2 
06MSF-6C gt2 zone 1 162.0 75.3 58.9 did not weigh 60.6 55.3 
06MSF-6C gt2 zone 2 147.4 72.3 49 did not weigh 58.5 53.3 
06MSF-6C gt2 zone 3 242.1 124.9 72.2 did not weigh 98.6 86.7 
 
Sample  Post-drilling mass (mg) 
140-250 
C/S (mg) 
pan 
C/S 
(mg) 
> 0.5A 
LO 
franz 
(mg) 
< 
0.35A 
HI 
franz 
(mg) 
0.35-
0.5 
franz 
(mg) 
Post-
handpick 
(mg) 
09DSF-23E gt1 zone 1 600.9 270.2 277.9 26.1 2.9 233.1 75.4 
09DSF-23E gt1 zone 2 341.8 157.8 134.3 19.3 0.0 138.7 57.9 
09DSF-23E gt1 zone 3 270.1 127.6 102.7 44.2 0.0 79.9 33.0 
09DSF-23E gt2 zone 1 369.0 159 169.4 10.6 0.2 147.0 38.8 
09DSF-23E gt2 zone 2 248.6 112 95.6 14.7 0.0 93.8 37.2 
09DSF-23E gt2 zone 3 432.8 201.6 173.3 72.3 0.0 124.7 54.7 
09DSF-23E gt3 zone 1 489.7 190.4 253.0 22.2 0.8 152.9 3.9 
09DSF-23E gt3 zone 2 401.1 179.9 180.9 19.2 0.0 153.0 4.2 
09DSF-23E gt3 zone 3 did not weigh 139.3 145.8 34.1 0.0 99.2 30.0 
 
Sample  
Post-
drilling 
mass (mg) 
140-
250 
C/S 
(mg) 
pan 
C/S 
(mg) 
> 0.4A 
LO 
franz 
(mg) 
< 0.35A 
HI 
franz 
(mg) 
0.35-0.4 
franz 
(mg) 
Post-
handpick 
(mg) 
09DSF-36A zone 1 345.4 151.5 146.4 22.2 1.0 125.2 123.5 
09DSF-36A zone 2 262.2 117.7 102.2 24.5 0.0 86.4 85.0 
09DSF-36A zone 3 395.2 173.5 150.1 20.8 0.0 141.7 140.5 
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Sample  
Post-
drilling 
mass (mg) 
140-250 
C/S 
(mg) 
pan 
C/S 
(mg) 
> 0.4A 
LO 
franz 
(mg) 
< 0.35A 
HI franz 
(mg) 
0.35-0.4 
franz 
(mg) 
Post-
handpick 
(mg) 
09DSF-30A zone 1 401.8 144.0 207.9 53.4 2.4 79.5 81.4 
09DSF-30A zone 2 428.3 154.1 218.6 62.2 0.0 87.2 87.8 
09DSF-30A zone 3 368.0 133.7 177.3 48.2 0.0 79.7 78.2 
09DSF-30A zone 4 378.6 130.3 193.8 55.2 4.2 65.0 110.6 
09DSF-30A zone 5 343.6 135.8 148.4 51.9 2.6 78.0 78.2 
09DSF-30A zone 6 386.7 138.7 178.2 56.8 0.0 78.8 81.4 
09DSF-30A zone 7 1121.6 455.2 527.1 200.0 2.8 243.9 242.4 
 
Sample  
Post-
drilling 
mass (mg) 
140-
250 
C/S 
(mg) 
pan 
C/S 
(mg) 
> 0.4A 
LO 
franz 
(mg) 
< 0.35A 
HI franz 
(mg) 
0.35-0.4 
franz 
(mg) 
Post-
handpick 
(mg) 
09DSF-54A gt1 zone 1 303.5 151.0 117.5 0.9 7.1 139.2 139.7 
09DSF-54A gt1 zone 2 255.6 122.0 105.3 3.5 4.7 122.6 110.2 
09DSF-54A gt1 zone 3 310.4 126.1 137.7 24.9 3.6 90.4 90.5 
09DSF-54A gt2 zone 1 281.3 115.4 128.8 4.1 6.6 101.9 100.9 
09DSF-54A gt2 zone 2 228.0 101.4 94.6 5.3 0.0 94.5 93.9 
09DSF-54A gt2 zone 3 191.3 87 71.6 17.6 2.8 59.8 61.9 
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Table D.2 
Sample ID Init. weight (mg) Final weight (mg) Mass loss (mg) % mass loss 
TD09-14b gt3 z1 54.73 30.88 23.85 43.58 
TD09-14b gt3 z2 129.66 72.50 57.16 44.08 
TD09-14b gt3 z3 118.51 51.53 66.98 56.52 
TD09-14a2 gt7 z1 32.66 10.30 22.36 68.46 
TD09-14a2 gt7 z2 53.95 30.10 23.85 44.21 
TD09-14a2 gt7 z3 146.22 90.27 55.95 38.26 
TD09-14a gt 3 z1 118.66 81.04 37.62 31.7 
TD09-14a gt3 z2 312.88 201.01 111.87 35.8 
TD09-14a gt3 z3 289.35 183.77 105.58 36.5 
TD09-14a gt4 z1 130.48 89.09 41.39 31.7 
TD09-14a gt4 z2 292.26 187.60 104.66 35.8 
TD09-14a gt4 z3 426.11 260.79 165.32 38.8 
TD09-14a gt4b z1 109.22 39.42 69.80 63.9 
TD09-14a gt4b z2 92.46 36.73 55.73 60.3 
TD09-14a gt4b z3 27.95 6.88 21.07 75.4 
TD09-14a gt4b z4 182.75 58.51 124.24 68.0 
TD09-14a gt4b z5 77.34 33.10 44.24 57.2 
TD09-14a gt4b z6 127.13 64.25 62.88 49.5 
TD09-14a gt8 z1 75.92 35.74 40.18 52.9 
TD09-14a gt8 z2 75.91 37.38 38.53 50.8 
TD09-14a gt8 z3 59.81 32.26 27.55 46.1 
TD09-14a gt8 z4 46.72 23.35 23.37 50.0 
TD09-14a gt8 z5 85.05 47.63 37.42 44.0 
TD09-14a gt8 z6 87.99 55.7 32.29 36.7 
TD09-14a gt9 z1 320.65 170.71 149.94 46.8 
TD09-14a gt9 z2 286.34 135.33 151.01 52.7 
TD09-14a gt9 z3 118.04 39.57 78.47 66.5 
TD09-14a gt10 z1 283.00 169.19 113.81 40.2 
TD09-14a gt10 z2 200.08 110.37 89.71 44.8 
TD09-14a gt10 z3 145.72 70.48 75.24 51.6 
TD09-14a gt10 z4 178.25 108.4 69.85 39.2 
TD09-14a gt13 z1 192.25 88.04 104.21 54.2 
TD09-14a gt13 z2 156.98 81.27 75.71 48.2 
TD09-14a gt13 z3 171.15 60.2 110.95 64.8 
TD09-14a gt13 z4 157.81 57.36 100.45 63.7 
TD09-14a gt16 z1 69.23 47.27 21.96 31.7 
TD09-14a gt16 z2 417.00 268.13 148.87 35.7 
TD09-14a gt16 z3 316.89 208.58 108.31 34.2 
TD09-14a 1mm gt 87.09 30.04 57.05 65.5 
TD09-14a 2-3mm gt 75.09 17.6 57.49 76.6 
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Sample ID Init. weight (mg) Final weight (mg) Mass loss (mg) 
% mass 
loss 
TD09-14a gt3 z1 pwd 59.28 49.18 10.10 17.04 
TD09-14a gt3 z2 pwd 68.72 54.75 13.97 20.33 
TD09-14a gt3 z3 pwd 79.21 63.19 16.02 20.22 
TD09-14a gt4 z1 pwd 47.88 36.88 11.00 22.97 
TD09-14a gt4 z2 pwd 70.74 53.94 16.80 23.75 
TD09-14a gt4 z3 pwd 69.93 50.97 18.96 27.11 
TD09-14a gt4b z1 pwd 45.21 36.22 8.99 19.88 
TD09-14a gt4b z2 pwd 47.87 37.66 10.21 21.33 
TD09-14a gt4b z3 pwd 15.01 13.80 1.21 8.06 
TD09-14a gt4b z4 pwd 50.23 34.93 15.30 30.46 
TD09-14a gt4b z5 pwd 36.84 28.19 8.65 23.48 
TD09-14a gt4b z6 pwd 41.88 26.88 15.00 35.82 
TD09-14a gt8 z1 pwd 43.26 32.84 10.42 24.09 
TD09-14a gt8 z2 pwd 45.66 35.87 9.79 21.44 
TD09-14a gt8 z3 pwd 44.31 35.77 8.54 19.27 
TD09-14a gt8 z4 pwd 31.32 28.49 2.83 9.04 
TD09-14a gt8 z5 pwd 50.53 39.92 10.61 21.00 
TD09-14a gt8 z6 pwd 53.36 39.21 14.15 26.52 
TD09-14a gt9 z1 pwd 41.22 29.36 11.86 28.77 
TD09-14a gt9 z2 pwd 46.48 31.64 14.84 31.93 
TD09-14a gt9 z3 pwd 37.91 30.54 7.37 19.44 
TD09-14a gt10 z1 pwd 80.22 59.54 20.68 25.78 
TD09-14a gt10 z2 pwd 49.84 39.16 10.68 21.43 
TD09-14a gt10 z3 pwd 48.84 37.75 11.09 22.71 
TD09-14a gt10 z4 pwd 54.49 35.66 18.83 34.56 
TD09-14a gt13 z1 pwd 91.57 78.91 12.66 13.83 
TD09-14a gt13 z2 pwd 50.45 36.81 13.64 27.04 
TD09-14a gt13 z3 pwd 52.06 40.49 11.57 22.22 
TD09-14a gt13 z4 pwd 51.03 38.61 12.42 24.34 
TD07-4 grt1 rim 20.96 13.80 7.16 34.16 
TD07-8 #1 28.66 27.43 1.23 4.29 
TD07-8 #2 26.09 23.80 2.29 8.78 
TD07-8 #3 26.79 13.21 13.58 50.69 
TD07-8 #4 24.41 6.93 17.48 71.61 
TD07-8 #5 30.63 11.19 19.44 63.47 
TD07-8 #6 27.61 8.12 19.49 70.59 
TD07-8 #7 25.56 16.88 8.68 33.96 
TD07-8 #8 29.09 16.29 12.80 44.00 
TD07-8 #9 27.36 9.03 18.33 67.00 
TD07-8 #10 26.50 7.49 19.01 71.74 
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Sample ID Init. weight (mg) Final weight (mg) 
Mass loss 
(mg) 
% mass 
loss 
TD07-4 gt1 BD 5 hour 19.93 6.15 13.78 69.1 
14b gt13 z1 140-200 60HF 21.73 14.90 6.83 31.4 
14b gt13 z1 140-200 90HF 20.68 10.00 10.68 51.6 
14b gt13 z1 140-200 120HF 20.76 12.00 8.76 42.2 
14b gt13 z2 140-200 150HF 21.32 5.44 15.88 74.5 
14b gt13 z1 200-250 60HF 14.20 5.44 8.76 61.7 
14b gt13 z1 200-250 90HF  9.32 3.75 5.57 59.8 
14b gt13 z1 200-250 90HF 72h 12.98 2.62 10.36 79.8 
14b gt13 z2 140-200 60HF 7N 72h 22.38 8.90 13.48 60.2 
14b gt13 z2 140-200 60HF 7N  21.14 13.46 7.68 36.3 
14b gt13 z2 200-250 60HF 7N 16.74 8.18 8.56 51.1 
14b gt13 z2 140-200 60HF 7N b 19.27 8.99 10.28 53.3 
14b gt13 z2 140-200 60HF 7N 72h b 20.11 8.04 12.07 60.0 
14b gt13 z2 200-250 60HF 7N b 18.65 7.27 11.38 61.0 
14b gt13 z2 pan 30HF 7N 32.55 7.38 25.17 77.3 
     TD09-13 grt1 45HF 175.34 103.54 71.8 40.9 
TD09-13 grt1 60HF 205.02 103.97 101.05 49.3 
     06MSF-2 200 45 128.68 92.97 35.71 27.75 
06MSF-2 200 60 129.56 79.10 50.46 38.95 
06MSF-2 200 90 60.84 16.73 44.11 72.50 
06MSF-2 325 unpicked 87.12 71.01 16.11 18.49 
     06MSF-2 no HF N/A N/A 0.00 0.00 
06MSF-2 30 HF 83.20 62.40 20.80 25.00 
06MSF-2 60 HF 84.37 49.57 34.80 41.25 
06MSF-2 90 HF 84.57 52.72 31.85 37.66 
06MSF-2 120 HF 85.39 45.45 39.94 46.77 
     06MSF-2f 43.91 30.24 13.67 31.13 
06MSF-2k 73.43 46.35 27.08 36.88 
06MSF-2v 139.59 104.61 34.98 25.06 
     06MSF-2a zone 1 12.07 6.44 5.63 46.64 
06MSF-2a zone 2 12.79 6.22 6.57 51.37 
06MSF-2a zone 3 16.92 8.01 8.91 52.66 
06MSF-2a zone 4  10.64 6.23 4.41 41.45 
 
  
318 
 
Sample ID Init. weight (mg) Final weight (mg) 
Mass loss 
(mg) 
% mass 
loss 
09DSF-1A zone 1 142.98 113.19 29.79 20.84 
09DSF-1A zone 2 128.43 94.49 33.94 26.43 
09DSF-1A zone 3 227.64 174.18 53.46 23.48 
09DSF-1A zone 4 223.76 164.03 59.73 26.69 
09DSF-1A zone 5 113.98 84.87 29.11 25.54 
09DSF-1A zone 6 197.21 161.09 36.12 18.32 
09DSF-1A zone 7 155.97 118.39 37.58 24.09 
09DSF-1A zone 8 200.88 160.95 39.93 19.88 
09DSF-1A zone 9 121.81 90.78 31.03 25.47 
09DSF-1A zone 10 168.28 147.06 21.22 12.61 
     09DSF-1A 2nd gt zone 1 76.74 33.82 42.92 55.93 
09DSF-1A 2nd gt zone 2 86.51 43.10 43.41 50.18 
09DSF-1A 2nd gt zone 3 122.13 57.71 64.42 52.75 
09DSF-1A 2nd gt zone 4 51.40 24.81 26.59 51.73 
09DSF-1A 2nd gt zone 5 122.43 65.47 56.96 46.52 
09DSF-1A 2nd gt zone 6 111.76 55.28 56.48 50.54 
09DSF-1A 2nd gt zone 7 121.62 43.56 78.06 64.18 
09DSF-1A 2nd gt zone 8 186.23 79.63 106.60 57.24 
09DSF-1A 2nd gt zone 9 238.56 133.72 104.84 43.95 
     09DSF-1A z1 lch pwd 103.00 83.95 19.05 18.50 
09DSF-1A z1 lch pwd HF 100.34 34.86 65.48 65.26 
09DSF-1A z7 lch pwd 98.60 77.25 21.35 21.65 
09DSF-1A z7 lch pwd HF 85.46 7.68 77.78 91.01 
09DSF-1A 2nd gt z1 pwd 51.59 33.91 17.68 34.27 
09DSF-1A 2nd gt z2 pwd 53.17 24.20 28.97 54.49 
09DSF-1A 2nd gt z3 pwd 44.70 30.10 14.60 32.66 
09DSF-1A 2nd gt z4 pwd 33.81 23.71 10.10 29.87 
09DSF-1A 2nd gt z5 pwd 52.64 31.85 20.79 39.49 
09DSF-1A 2nd gt z6 pwd 44.45 26.00 18.45 41.51 
09DSF-1A 2nd gt z7 pwd 49.04 30.75 18.29 37.30 
09DSF-1A 2nd gt z8 pwd 45.42 28.23 17.19 37.85 
09DSF-1A 2nd gt z9 pwd 57.47 23.14 34.33 59.74 
     09DSF-1A 15HF 120C 40.07 17.45 22.62 56.45 
09DSF-1A 30HF 120C 40.70 19.10 21.60 53.07 
09DSF-1A 45HF 120C 42.87 8.14 34.73 81.01 
09DSF-1A 60HF 120C 51.01 17.01 34.00 66.65 
09DSF-1A 60HF 120C 72h H2SO4 39.65 7.73 31.92 80.50 
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Sample ID Init. weight (mg) Final weight (mg) 
Mass loss 
(mg) 
% mass 
loss 
06MSF-6C wafer 1 zone 1 59.07 20.55 38.52 65.21 
06MSF-6C wafer 1 zone 2 80.52 38.30 42.22 52.43 
06MSF-6C wafer 1 zone 3 132.20 88.71 43.49 32.90 
06MSF-6C wafer 2 zone 1 54.88 23.37 31.51 57.42 
06MSF-6C wafer 2 zone 2 51.69 22.73 28.96 56.03 
06MSF-6C wafer2 zone 3 86.37 55.85 30.52 35.34 
06MSF-6C 60min test 59.50 39.64 19.86 33.38 
06MSF-6C 90min test 52.40 27.24 25.16 48.02 
06MSF-6C 120min test 53.00 25.57 27.43 51.75 
06MSF-6C test a  150.93 96.01 54.92 36.39 
06MSF-6C test b  151.61 112.59 39.02 25.74 
06MSF-6C no HF 100.50 97.47 3.03 3.01 
06MSF-6C 30HF 120C 84.87 69.37 15.50 18.26 
06MSF-6C 45HF 120C 96.07 58.21 37.86 39.41 
06MSF-6C 60HF 120C 106.56 68.40 38.16 35.81 
06MSF-6C 90HF 120C 102.29 44.26 58.03 56.73 
06MSF-6C 120HF 120C 106.53 8.29 98.24 92.22 
06MSF-6C 120HF 100C 201.12 107.07 94.05 46.76 
     09DSF-23E gt1 zone 1 237.00 75.38 161.62 68.19 
09DSF-23E gt1 zone 2 142.88 57.89 84.99 59.48 
09DSF-23E gt1 zone 3 81.01 33.03 47.98 59.23 
09DSF-23E gt2 zone 1 146.76 38.77 107.99 73.58 
09DSF-23E gt2 zone 2 91.37 37.16 54.21 59.33 
09DSF-23E gt2 zone 3 123.53 54.74 68.79 55.69 
09DSF-23E gt3 zone 1 144.77 3.93 140.84 97.29 
09DSF-23E gt3 zone 2 149.07 4.23 144.84 97.16 
09DSF-23E gt3 zone 3 94.80 30.00 64.80 68.35 
09DSF-23E 15HF 120C 96.77 75.08 21.69 22.41 
09DSF-23E 30HF 120C 96.25 61.18 35.07 36.44 
09DSF-23E 60HF 120C 92.09 31.26 60.83 66.05 
09DSF-23E 90HF 120C 101.58 11.75 89.83 88.43 
09DSF-23E 60HF 100C 48h H2SO4 200.09 108.58 91.51 45.73 
09DSF-23E 90HF 100C 48h H2SO4 201.48 119.09 82.39 40.89 
09DSF-23E gt1 z1 pwd 48.10 28.29 19.81 41.19 
09DSF-23E gt1 z2 pwd 47.36 29.74 17.62 37.20 
09DSF-23E gt1 z3 pwd 52.86 36.41 16.45 31.12 
09DSF-23E gt2 z1 pwd 54.03 34.65 19.38 35.87 
09DSF-23E gt2 z2 pwd 54.80 35.92 18.88 34.45 
09DSF-23E gt2 z3 pwd 53.07 32.97 20.10 37.87 
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Sample ID Init. weight (mg) Final weight (mg) 
Mass loss 
(mg) 
% mass 
loss 
09DSF-25A no HF 77.69 68.38 9.31 11.98 
09DSF-25A 30HF 308.73 219.38 89.35 28.94 
09DSF-25A 60HF 392.37 200.25 192.12 48.96 
09DSF-25A 120HF 441.97 94.18 347.79 78.69 
09DSF-25A 180HF 1627.13 34.02 1593.11 97.91 
     09DSF-26C no HF 12.44 9.03 3.41 27.41 
09DSF-26C 30 HF 204.43 143.77 60.66 29.67 
09DSF-26C 60 HF 406.24 193.89 212.35 52.27 
09DSF-26C 90 HF 498.57 102.13 396.44 79.52 
     09DSF-30A 30HF 120C 86.05 42.21 43.84 50.95 
09DSF-30A 60HF 120C 91.11 13.60 77.51 85.07 
09DSF-30A 90HF 120C 91.22 6.08 85.14 93.33 
09DSF-30A 90HF 100C 288.97 124.45 164.52 56.93 
09DSF-30A 120HF 100C 489.99 149.07 340.92 69.58 
09DSF-30A 180HF 100C 572.77 226.92 345.85 60.38 
09DSF-30A zone 1 81.40 10.30 71.10 87.35 
09DSF-30A zone 2 87.78 12.36 75.42 85.92 
09DSF-30A zone 3 78.18 2.73 75.45 96.51 
09DSF-30A zone 4 110.59 10.24 100.35 90.74 
09DSF-30A zone 5 78.22 6.45 71.77 91.75 
09DSF-30A zone 6 81.42 26.08 55.34 67.97 
09DSF-30A zone 7 242.35 123.32 119.03 49.11 
09DSF-30A z1 pwd 42.02 26.19 15.83 37.67 
09DSF-30A z2 pwd 57.34 24.60 32.74 57.10 
09DSF-30A z3 pwd 42.31 34.61 7.70 18.20 
09DSF-30A z4 pwd 53.32 17.96 35.36 66.32 
09DSF-30A z5 pwd 40.99 35.52 5.47 13.34 
09DSF-30A z6 pwd 52.42 39.43 12.99 24.78 
09DSF-30A z7 pwd 64.48 53.62 10.86 16.84 
     09DSF-36A 30HF 120C 99.38 77.84 21.54 21.67 
09DSF-36A 60HF 120C 99.62 55.77 43.85 44.02 
09DSF-36A 90HF 120C 103.10 14.78 88.32 85.66 
09DSF-36A zone 1 123.46 57.28 66.18 53.60 
09DSF-36A zone 2 85.02 33.52 51.50 60.57 
09DSF-36A zone 3 140.45 74.78 65.67 46.76 
09DSF-36A z1 pwd 51.48 38.94 12.54 24.36 
09DSF-36A z2 pwd 52.66 36.37 16.29 30.93 
09DSF-36A z3 pwd 50.10 34.60 15.50 30.94 
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Sample ID Init. weight (mg) Final weight (mg) 
Mass loss 
(mg) 
% mass 
loss 
09DSF-37A no HF 23.11 21.40 1.71 7.40 
09DSF-37A 45HF 153.05 83.62 69.43 45.36 
09DSF-37A 60HF 130.51 43.12 87.39 66.96 
09DSF-37A 75HF 149.95 23.54 126.41 84.30 
     09DSF-38A 30HF 89.33 57.80 31.53 35.30 
09DSF-38A 60HF 170.93 80.06 90.87 53.16 
09DSF-38A 90HF 250.05 48.89 201.16 80.45 
     09DSF-46A no HF 9.94 9.12 0.82 8.25 
09DSF-46A 60HF 227.51 85.23 142.28 62.54 
09DSF-46A 75HF 107.72 37.43 70.29 65.25 
09DSF-46A 90HF 137.97 39.95 98.02 71.04 
     09DSF-54A no HF 34.56 30.14 4.42 12.79 
09DSF-54A 45 HF 228.70 98.62 130.08 56.88 
09DSF-54A 60HF 253.17 101.98 151.19 59.72 
09DSF-54A 120HF 277.34 12.26 265.08 95.58 
     09DSF-54A gt1 zone 1 139.74 37.66 102.08 73.05 
09DSF-54A gt1 zone 2 110.17 39.38 70.79 64.26 
09DSF-54A gt1 zone 3 90.47 24.82 65.65 72.57 
09DSF-54A gt2 zone 1 100.94 4.87 96.07 95.18 
09DSF-54A gt2 zone 2 93.85 25.06 68.79 73.30 
09DSF-54A gt2 zone 3 61.87 20.89 40.98 66.24 
     09DSF-54A gt1 z1 pwd 33.76 21.29 12.47 36.94 
09DSF-54A gt1 z2 pwd 37.00 20.15 16.85 45.54 
09DSF-54A gt1 z3 pwd 36.24 17.81 18.43 50.86 
09DSF-54A gt2 z1 pwd 41.05 25.23 15.82 38.54 
09DSF-54A gt2 z2 pwd 42.83 27.31 15.52 36.24 
09DSF-54A gt2 z3 pwd 41.59 32.15 9.44 22.70 
     09DSF-59A no HF 25.87 21.72 4.15 16.04 
09DSF-59A 30HF  160.74 115.83 44.91 27.94 
09DSF-59A 60HF  159.25 60.54 98.71 61.98 
09DSF-59A 120HF  160.34 8.17 152.17 94.90 
09DSF-59A 180HF  678.03 61.73 616.30 90.90 
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Sample ID Init. weight (mg) Final weight (mg) Mass loss (mg) 
% mass 
loss 
09DSF-60A no HF 62.77 59.73 3.04 4.84 
09DSF-60A 30HF 204.12 108.94 95.18 46.63 
09DSF-60A 45HF 635.26 321.02 314.24 49.47 
09DSF-60A 60 HF 267.28 79.47 187.81 70.27 
09DSF-60A 120 HF  304.13 48.71 255.42 83.98 
09DSF-60A 180 HF  627.53 83.51 544.02 86.69 
     09DSF-62A 30HF 237.16 111.33 125.83 53.06 
09DSF-62A 60HF 409.14 31.38 377.76 92.33 
09DSF-62A 75 HF 1105.79 16.57 1089.22 98.50 
09DSF-62A 90 HF 210.85 5.01 205.84 97.62 
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APPENDIX E 
SAMPLE LOG 
 
Table E.1 
Sample ID Location  Description  
09DSF-1A Lower trail on N side of VB white gneiss w/ 5+cm gt 
09DSF-3A " blueschist w/ 1cm gts 
09DSF-3B " marl w/ calcite augen 
09DSF-3C " actinolite-bearing schist 
09DSF-19A Trail above Vroulidia Bay granitic gneiss w/2cm weathered gt 
09DSF-19B " " 
09DSF-20A " vein w/quartz, gl, ep, and gt 
09DSF-21A " eclogite(?) w/ 1cm garnets 
09DSF-21B " alternating bs and eclg w/small gt 
09DSF-21C " light bs w/ 1cm garnets, mica rich 
09DSF-22A " light blueschist w/ paragonite 
09DSF-23A " blueschist w/ big garnets  
09DSF-23B " blueschist w/ big garnets  
09DSF-23C " bag of individual big garnets  
09DSF-23D " blueschist w/ big garnets  
09DSF-23E " blueschist w/ big garnets  
09DSF-23F " blueschist w/ big garnets  
09DSF-23G " bs w/ smaller gts close to contact 
09DSF-23H " meta-acidite below blueschist  
09DSF-23I " interlayered bs/eclg, briliant colors 
09DSF-25A NE part of CBU/east of road fine layered bs w/ 3-4mm gt 
09DSF-26A " fine layered schist w/ 2cm gts 
09DSF-26B " coarser layered rusty schist w/2cm gt 
09DSF-26C " ind.4.5cm garnet w/2cm buddy 
09DSF-27A Roadcut in center of CBU blueschist  
09DSF-27B " eclogite 
09DSF-27C " meta-acidite 
09DSF-28A Below road entering E side of island granitic gneiss w/2cm weathered gt 
09DSF-29A Ridge on E part of island entering E CBU jadeitite gneiss 
09DSF-29B " " 
09DSF-30A Lower trail on N side of VB bluish jadeitite gneiss w/ 2cm garnets 
09DSF-31A " jadeitite gneiss w/ rotated garnets  
09DSF-32A S side of VB/east along slope ec/bs thin layer w/ 1cm garnets 
09DSF-32B " bluish jadeitite gneiss 
09DSF-33A most NE part of CBU blueschist w/ 2-2.5cm garnet FLOAT 
09DSF-34A " bs w/ 1cm gts/odd weathering 
09DSF-35A NE CBU coast blueschist w/ 2cm gts/like 06MSF-6C 
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Sample ID Location  Description  
09DSF-36A " " 
09DSF-37A " bright bs 1-2mm w/ large epidotes  
09DSF-38A N of restaurant on E side of CBU blueschist w/ some paragonite  
09DSF-39A Trail above Vroulidia Bay marble 
09DSF-41A " marble 
09DSF-43A gully below VB path bs w/ 1cm garnet/lense only 
09DSF-44A " marble 
09DSF-45A slope below VB path blueschist w/ 5mm garnet 
09DSF-45B " chlorite-actinolite schist 
09DSF-46A northward trail above VB glaucophane jadeitite gneiss 
09DSF-48A trail to Artimoni Bay bs w/ 7-8mm garnets/big epidotes 
09DSF-49A " bluish jadeitite gneiss w/ tiny gts 
09DSF-50A " bs w/ 1-2mm gts/smaller epidotes 
09DSF-54A1 southern trail to Artimoni bs w/ 2+cm gts/big epidotes (big) 
09DSF-54A2 " bs w/ 2+cm gts/big epidotes (flat) 
09DSF-54B " individual garnets from site 
09DSF-59A NE Penzoulas Cape eclogite w/ 1-2mm garnets 
09DSF-59B " eclogite w/ 3-4mm garnets 
09DSF-59C " more omphacitic eclg w/ 3-4mm gts 
09DSF-60A roadcut near VB north trail parking bs w/ 1.5cm garnets/large epidotes 
09DSF-61A Lower trail on N side of VB very green eclogite (?) w/ 5mm gts 
09DSF-62A " very green eclogite (?) w/ 1cm gts 
09DSF-63A S trail to Fikiadha Bay bs w/ 1cm garnets/ paragonite 
09DSF-64A " bluish gneiss 
09DSF-65A " retrograde greenschist 
09DSF-68A Cheronissos gully eclogite w/ 2mm garnets 
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Table E.2 
Sample ID Latitude Longitude 
09DSF-1A FLOAT FLOAT 
09DSF-3A N/A N/A 
09DSF-3B " " 
09DSF-3C " " 
09DSF-19A N37°01'36.5" E24°39'39.1" 
09DSF-19B " " 
09DSF-20A N37°01'35.2" E24°39'34.2" 
09DSF-21A N37°01'35.0" E24°39'30.1" 
09DSF-21B " " 
09DSF-21C " " 
09DSF-22A N37°01'35.8" E24°39'25.9" 
09DSF-23A N37°01'35.9" E24°39'23.7" 
09DSF-23B " " 
09DSF-23C " " 
09DSF-23D " " 
09DSF-23E " " 
09DSF-23F " " 
09DSF-23G " " 
09DSF-23H " " 
09DSF-23I " " 
09DSF-25A N37°01'46.2" E24°39'49.2" 
09DSF-26A N37°01'44.2" E24°39'50.1" 
09DSF-26B 
  09DSF-26C 
  09DSF-27A N37°01'31.1" E24°39'44.5" 
09DSF-27B 
  09DSF-27C 
  09DSF-28A N37°01'38.6" E24°39'47.5" 
09DSF-29A N37°01'34.5" E24°39'48.4" 
09DSF-29B 
  09DSF-30A N37°01'26.8" E24°39'5.9" 
09DSF-31A N37°01'26.6" E24°39'6.6" 
09DSF-32A N37°01'21.3" E24°39'23.4" 
09DSF-32B 
  09DSF-33A N37°01'55.0" E24°39'44.5" 
09DSF-34A N37°01'54.1" E24°39'41.1" 
09DSF-35A N37°01'56.3" E24°39'45.7" 
09DSF-36A N37°01'56.1" E24°39'45.2" 
09DSF-37A N37°01'56.9" E24°39'44.7" 
09DSF-38A N37°01'53.2" E24°39'40.2" 
09DSF-39A N37°01'34.5" E24°39'9.3" 
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Sample ID Latitude Longitude 
09DSF-41A N37°01'33.9" E24°38'55.1" 
09DSF-43A N37°01'29.5" E24°39'0.0" 
09DSF-44A N37°01'29.2" E24°39'0.4" 
09DSF-45A N37°01'28.9" E24°39'2.8" 
09DSF-45B " " 
09DSF-46A N37°01'40.0" E24°39'21.0" 
09DSF-48A N37°01'5.5" E24°39'17.3" 
09DSF-49A N37°01'3.2" E24°39'14.3" 
09DSF-50A N37°01'4.2" E24°39'13.4" 
09DSF-54A1 N37°00'55.8" E24°39'21.6" 
09DSF-54A2 " " 
09DSF-54B " " 
09DSF-59A N37°01'59.4" E24°39'42.2" 
09DSF-59B " " 
09DSF-59C " " 
09DSF-60A N37°01'33.4" E24°39'43.4" 
09DSF-61A N37°01'27.6" E24°39'12.4" 
09DSF-62A N37°01'26.5" E24°39'11.6" 
09DSF-63A FLOAT FLOAT 
09DSF-64A N36°54'30.3" E24°42'32.4" 
09DSF-65A N36°55'12.8" E24°42'30.3" 
09DSF-68A N37°02'2.8" E24°39'16.5" 
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